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I OKI  WORD 


The  F'roceecliriKS  contain  the  pai)ers  presented  at  the 
Eighth  Annual  Precise  Time  and  Time  Interval  (PTTI) 
Applications  and  Planning  Meeting.  The  edited  record  of 
the  discussions  following  the  papers  and  the  panel  dis- 
cussions are  also  included. 


This  meeting  provided  a forum  for  tne  exchange  of 
information  on  precise  time  and  frequency  technology  among 
members  of  the  scientific  community  and  persons  with  pro- 
gram applications. 

The  282  registered  attendees  came  from  various 
U.  S.  Government  agencies,  private  industry,  universities 
and  a number  of  foreign  countries  were  represented. 


In  this  meeting,  papers  were  presented  that  empha- 
sized : 


a)  definitions  and  international  regulations  of 
precise  time  sources  and  users, 

b)  the  scientific  foundations  of  Hydrogen  Maser 
standards,  the  current  developments  in  this 
field  and  the  application  experience,  and 

c)  how  to  measure  the  stability  performance 
properties  of  precise  standards. 


As  in  the  previous  meetings,  update  and  new  papers  were 
presented  on  system  applications  with  past,  present  and 
futurt?  requirements  identified. 

On  behalf  of  the  Execut  i ve^ommi  t tee  , I want  to 
thank  all  those  who  contributed  to  the  success  of  this 
year's  meeting.  Si)ecial  credit  should  go  to  the  Technical 
Program  Chairman  and  his  committee,  the  Editorial  Chairman 
and  his  committee,  the  Session  Chairmen,  Speakers  and 
Authors.  A 

Lauren  .Jy  Rueger< 

General  Chairman 
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PTECEDII'C  PA^a  BLanK-NcT  FIUl^D 


CALL  TO  SESSION 


L.  J.  Ruegei’ 

Applied  Physics  Laboratory 


Good  Morning.  1 am  Lauren  Ruefier  of  the  Johns  Hopkins  University  Applied 
Physics  Laboratory,  and  it  is  my  pleasure  to  call  to  session,  the  8th  Annual 
Precise  Time  and  Time  Interval  Applications  and  Planning  Meeting. 

A pui’fjose  of  this  meeting  is  the  exchange  of  information  that  will  enable  us  to 
make  better  use  of  existing  and  projected  capabilities  in  the  precision  time  and 
time  interval  technology. 

I think  that  the  technical  program  committee  under  Andy  Chi  has  selected  an 
excellent  set  of  papers  to  initiate  exchanges  and  information.  VVe  shall  welcome 
participation  from  the  attendees  and  the  discussion  periods  that  will  be  provided. 

I must  remind  you  that  the  sessions  are  being  recorded  for  the  purpose  of  pre- 
paring an  accurate  printing  of  the  proceedings.  You  can  help  to  keep  the  re- 
cords correct  by  giving  your  name  and  affiliation,  preceding  any  questions 
from  the  floor. 

I.ast  year,  the  attendees  to  this  meeting  were  sent  a questionnaire  to  help  this 
year’s  committee  being  responsive  to  your  interests.  The  results  of  this  ques- 
tionnaire indicate  that  you  want  predominantly  short,  technical  papers.  You 
want  some  flavor  for  the  long-range  needs  and  capabilities. 

You  want  the  discussions  to  be  recorded  in  the  proceedings.  You  want  the 
meetings  to  continue  on  an  annual  basis,  and  you  welcome  the  participation  of 
the  foreign  countries  and  the  United  Slates  industry  to  this  meeting. 

You  will  find  the  very  gratifying  response  of  papers  has  indeed  required  that 
the  technical  papers  will  be  short.  We  hope  the  speakers  will  accordingly  help 
us  to  keep  the  [jrogram  on  schedule. 

The  speakers  are  asked  to  see  the  session  chairman  prior  to  the  scheduled 
sessions  and  to  sit  in  seats  reserved  in  the  front  rows  here.  There  are  a few 
late  papers  in  thi;  program  that  are  listed  on  the  last  page.  These  will  be  given 
if  time  permits  in  the  sessions  that  are  indicated,  but  this  will  be  at  the  dis- 
cretion of  the  session  chairman. 

Again,  this  year  we  have  a large  foreign  participation  at  this  meeting.  We 
apfjlogize  for  any  inconvenience  to  these  people  resulting  from  the  security 
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regulations  of  the  Naval  Research  Laboratory,  but  we  are  glad  to  have  you 
here. 

It  is  my  pleasure  to  call  upon  representatives  of  the  government  sponsoring 
agencies  for  this  meeting  at  this  time.  The  first  will  be  Captain  Lionel  Noel, 
the  Commanding  Officer  of  the  Naval  Research  Laboratory. 
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WELCOME  ADDRESS 


Captain  Lionel  M.  Noel 

Commanciing  Officer,  Naval  Research  Laboratory 


CAPT.  NOEL:  On  behalf  of  the  Naval  Research  Laboratory,  I would  like  to 
welcome  you  to  the  8th  Annual  Precise  Time  and  Time  Interval  Application  and 
Planning  Meeting.  It  is  a pleasure  to  host  this  meeting. 

I have  noted  that  the  PTTI  meeting  has  grown  in  prestige  each  year.  P'or  the 
past  several  years  and  this  year  also,  we  have  included  foreign  visitors  and 
speakers. 

As  you  know,  the  Navy  has  always  had  a vital  interest  in  time;  its  close  cousin, 
frequency;  and  the  many  and  varied  uses  to  which  they  are  put. 

Recently  called  to  my  attention  was  an  article  on  the  Naval  Observatory  in  an 
old  report,  the  year,  1864,  to  be  exact.  And  I quote. 

"For  the  purpose  of  giving  correct  time  to  the  city,  the  staff  has  been  placed  on 
the  top  of  the  dome,  and  a large  but  light  ball  is  hoisted  10  minutes  before  12:00 
o'clock  of  each  day  except  Sunday. 

"The  pulley  is  connected  with  an  electro-magnetic  battery  after  the  ball  is  up 
and  the  circuit  is  broken  by  the  assistant  in  the  chronometer  room  at  the  instant 
of  noon." 

Also,  you  may  be  interested  in  the  state  of  the  art  in  timekeeping  at  the  end  of 
the  Civil  War.  Again,  this  is  from  the  same  old  reference  document.  Measur- 
ing the  hundredth  part  of  a second. 

As  a matter  of  popular  information  for  the  benefit  of  those  who  read  and  wonder 
at  the  accounts  of  astronomical  observations  which  record  the  movements  of 
the  heavenly  bodies  to  the  hundredth  part  of  a second  of  time,  we  extract  from 
a pamphlet  issued  by  one  of  our  colleges  the  following  description  of  the  instru- 
ment and  method  by  which  that  wonder  is  performed. 

The  elegant  instrument  of  Professor  W.  C.  Bond,  known  as  the  magnetic  I'egis- 
ter,  or  spring  governor,  is  one  by  and  upon  which  through  the  influenf  e of  elec- 
tromagnetism the  instant  of  time  at  which  an  observation  takes  place  can  be 
precisely  recorded  by  means  of  very  delicate  machinery  regulated  by  the  spring 
governor,  a contrivance  at  once  peculiar  and  beautiful,  a horizontal  cylinder  1.8 
inches  long  and  6 in  diameter  is  made  to  revolve  with  great  uniformity  precisely 
once  per  minute  of  sidereal  time. 


Around  this  cylinder  is  clamped  a sheet  of  paper,  and  upon  this  rests  a glass  pen 
filled  with  ink  which  as  the  cylinder  turns  from  under  it  marks  a line  from  end 
to  end  of  the  sheet. 

This  line  in  length  is  the  exact  measure  of  the  duration  of  one  minute  of  time. 

Upon  the  opposite  end  of  a delicate  level  to  which  the  glass  pen  is  attached  is  a 
small  vertical  iron  bar  known  as  an  armature,  resting  close  in  front  of,  but  not 
in  contact  with  the  fjoJes  of  a soft,  iron  horseshoe  magnet.  This  maf^net  is  coiled 
with  wire,  and  is  in  the  circuit  of  a galvanic  battery,  which  circuit  is  also  by  an 
ingenious  arrangement  made  to  pass  through  a fine  steel  spring,  dipping  into  a 
globule  of  quicksilver  directly  beneath  the  pendulum  of  the  sidereal  clock. 

Attached  to  the  lower  extremity  of  the  pendulum  is  a small,  ivory  index  which 
at  every  vibration,  drives  the  little  spring  out  of  the  mercury,  but  instantly,  on 
passing,  allows  it  to  return.  In  this  manner,  the  circuit  is  almost  instantaneously 
broken  and  closed. 

At  the  termination  of  each  second  of  time.  And  this  break  and  make  of  circuit 
are  at  once  answered  by  the  pen  in  obedience  to  the  action  or  rest  of  the  magnet 
with  which  it  is  connected.  Thus  dotting  upon  the  sheet  as  it  revolves,  a 60  sec- 
onds constituting  the  minute  of  its  revolution. 

The  movement  of  the  armature  from  the  magnet  during  the  instantaneous  release 
of  the  latter  from  the  influence  of  the  galvanic  circuit  is  effected  by  a little  bow 
spring,  and  in  order  that  the  pen  shall  not  return  upon  the  lines  already  described, 
the  whole  magnet  is  moved  forward  on  a miniature  railway  by  means  of  a cord 
passing  around  the  axle  of  one  of  the  main  wheels  of  the  spring  governor. 

By  means  of  this  instrument  and  a break  circuit,  key  always  near  his  hand,  the 
observer,  by  simply  touching  a delicate  spring,  is  enabled  to  record  with  the 
utmost  degree  of  precision  in  among  the  second  marks  of  the  clock,  the  time  of 
any  observation  he  may  wish  to  obtain  to  the  hundredth  part  of  a second. 

We  at  NRI.  are  proud  of  the  part  we  have  played  in  time  and  frequency  field 
since  we  opened  our  doors  in  192.1,  having  been  in  the  forefront  of  most  major 
developments  from  that  day  to  this. 

It  is  quite  evident  that  requirements  of  frequency  stability  aiid  time  precision 
will  continue  to  increase  in  the  future  as  they  have  in  the  past. 

It  is  therefore  with  great  plea.sure  that  I welcome  you  to  this  conference. 


OPENING  COMMENTS 


Dr.  Robert  S.  Cooper 
Director,  Goddard  Space  Flight  Center 


DR.  COOPERl:  Gocxl  morning,  it  is  a pleasure  for  me  to  be  here  and  to  welcome 
you  on  behalf  of  all  of  the  sponsors  of  this  meeting,  including  the  one  I repre- 
sent directly,  the  NASA  Goddard  Space  Flight  Center. 

The  sponsors  intend  these  meetings  to  be  a medium  of  exchange  on  PTTI  activi- 
ties and  developments,  laboratory  progress  and  results  and  ideas  for  the  future. 
When  I learned  how  many  of  you  had  come  from  a great  distance  as  Captain  Noel 
pointed  out,  1 was  particularly  impressed  by  the  breadth  and  scope  of  the  ac- 
tivities related  to  this  conference  and  I was  convinced  that  we  are  succeeding 
in  both  stimulating  technical  and  programmatic  exchanges  in  a meeting  that 
meets  a real  need  in  the  scientific  world. 

Those  of  you  who  come  from  Great  Britain  may  know  the  tale  about  Lord  Halifax 
who  early  in  the  1900s  once  shared  a railway  compartment  with  two  prim  look- 
ing spinsters. 

Just  before  reaching  his  destination,  the  train  entered  a tunnel.  In  the  total 
darkness  he  kissed  the  back  of  his  hand  noisily  a few  times  and  moaned  a little. 
When  the  train  reached  his  station,  he  rose  to  leave,  tipped  his  hat  and  said, 
"May  I thank  whichever  one  of  you  two  ladies  I am  indebted  to  for  the  charming 
incident  in  the  tunnel." 

Like  those  good  ladies,  we  all  go  through  life  partially  in  the  dark  about  what 
the  events  actually  were.  Even  in  our  chosen  fields.  And  keeping  abreast  of 
all  the  important  developments  is  getting  more  and  more  difficult  every  day. 

The  need  to  do  this,  the  need  to  have  this  meeting  has  proven  to  be  something 
that  has  been  demonstrated  by  the  growth  and  the  breadth  of  the  meeting  itself. 

The  meeting  started  early  in  19G9,  I understand,  when  about  GO  local  attendees 
got  together  and  presented  about  a half  dozen  papers  among  one  another.  In 
the  short  seven  years  since  that  initial  meeting,  the  PTTI  meeting  has  achieved 
international  scope  and  the  attendance  you  will  see  here  today  is  indicative  of 
the  importance  that  it  now  holds. 

There  are  actually  10  papers  on  the  schedule  for  this  week,  and  having  looked 
through  the  listing  of  papers  I find  that  all  of  them  are  singularly  interesting 
and  I am  sure  will  benefit  all  of  you. 


NASA  is  especially  dependent  on  what  you  people  are  doing.  Over  the  years,  we 
have  worked  hard  with  many  of  you  in  the  precise  time  and  frecjuency  generation 
and  measurement.  The  Goddard  Center  along  with  the  Bureau  of  Standards 
pioneei'ed  the  development  of  dual  frequency  VLF  transmissions  for  frequency 
and  time  synchronization. 

W ith  the  Coast  Guard,  we  developed  the  use  of  omega  radio  navigation  system 
for  precise  timing  and  presently  use  sea  navigation  system  to  achieve 

about  |)lus  or  minus  2.'j  microseconds  of  global  clock  synchronization  at  our  net- 
work of  tracking  sites  which  arc  located  at  various  places  around  the  world. 

We  hiive  evaluated  the  use  of  various  satellite  time  transfer  techniques  using  the 
GEOS  and  ATS-1  and  :i  satellites,  and  more  recently,  have  had  the  support  of 
XRL  in  the  satellite  technology,  Roger  Easton's  NTS-1. 

Time  synchronization  plays  an  important  role  in  long-based  line  interferometry 
in  which  Goddard  is  vitally  interested  for  astrophysical  and  geodetic  purposes. 

We  are  now  in  cooperation  with  the  Applied  Physics  Laboratory  and  the  Naval 
Surface  Weapons  Center  developing  NTS  timing  receivers  for  use  in  NAS/V  laser 
network  for  satellite  tracking. 

When  fully  operational,  the  laser  network  will  require  about  a microsecond  of 
time  synchronization  worldwide.  One  of  the  NTS  receivers  is  on  display  here 
today,  and  several  papers  this  afternoon  will  review  the  NTS  time  transfer 
technique  and  the  receiver  design,  operation  and  performance.  I am  sure  that 
you  will  all  be  interested  in  that  development. 

Goddard  continues  to  evaluate  time  transfer  techniques,  recognizing  that  sub- 
microsecond timing  will  be  required  in  the  near  future.  We  are  looking  at  the 
possible  use  of  our  own  tracking  and  data  relay  satellite  system  for  timing  which 
is  being  procured  now  for  use  during  the  early  1080s. 

We  are  also  studying  the  use  of  the  Global  Positioning  System  (GPS)  for  sub- 
microsecond timing.  I'his  system  will  be  well  covered  in  papers  presented 
today,  and  I believe  is  really  one  of  the  waves  of  the  future. 

I have  a special  interest  in  GPS  because  1 v\as  in  the  office  of  the  Secretary  of 
Defense  in  the  Department  of  Defense  before  I came  to  Gcxldard,  and  was  in- 
volved in  getting  the  GPS  system  started  and  in  working  many  of  the  problems 
associated  with  it. 

GPS's  unprecedented  accuracy  requirements  will  make  it  an  excellent  source  of 
precise  time  and  time  interval  information  to  any  user  with  a simplified  receiver 
anywhere  on  the  surface  of  the  earth. 
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Tomorrow,  Godciarcl  papers  will  discuss  much  of  our  activities  in  research  on 
hydropcn  maser  frequency  standards.  1 bring  you  some  good  news  in  this  area. 
The  design  of  our  laboratory  building  at  Goddard  for  frequency  standards  and 
measurements  has  been  finalized  and  approved.  (Xir  primary  hydrogen  masers 
will  be  housed  there.  Construction  is  expected  to  start  soon. 

A low  budget  forced  us  to  give  up  some  of  the  conventional  approaches  for  mag- 
netically shielding  the  entire  building.  Also,  we  had  to  give  up  the  idea  of 
shielding  the  maser  room  alone.  Instead,  we  will  construct  a shielded  box 
which  w ill  drop  down  over  each  maser.  This  technique  should  achieve  the  same 
shielding  factors,  according  to  our  tests,  as  the  original  goal. 

Besides  saving  money,  we  will  gain  the  freedom  to  move  equipment  and  insti*u- 
ments  around  in  the  same  room  without  affecting  the  masers.  Even  in  adversity, 
ingenuity  can  sometimes  cause  benefits  to  be  reaped.  Be  sure  and  keep  that  in 
mind  when  your  next  budget  comes. 

In  our  present  hydrogen  maser  program,  we  are  improving  the  shielding  on  our 
four  field  operable  units  so  as  to  reduce  the  external  magnetic  sensitivity  by  a 
factor  of  five. 

W e are  also  developing  new  , seconfi  generation  field  operable  masers  based  on 
the  design  of  our  NX  series  experimental  masers. 

Also,  we  are  continuing  our  efforts  on  the  development  of  variable  volume  masers 
with  which  we  hope  to  achieve  a part  in  10  to  the  14  accuracy.  Using  these 
variable  volume  masers  as  calibration  standards,  we  should  be  able  to  deter- 
mine the  frequency  stability  and  reproducibility  of  field  masers  at  about  10  to 
the  minus  14  level  over  long  periods  of  time,  perhaps  as  long  as  one  to  two 
yea  rs . 

IXirther  results  on  these  developments  will  be  given  in  NASA  papers. 

I am  .sure  that  you  recognize  that  hydrogen  masers  are  probably  the  clocks  of 
the  future.  Our  current  time  standards  are  based  on  cesium,  largely,  and  the 
hydrogen  masers  are  being  brought  along  at  a relatively  rapid  rate  now  due  to 
expenditures  that  are  being  made  by  NASA  and  by  the  Air  Force. 

It  is  impressive  that  fre<iuency  standard  technology  has  achieved  parts  in  10  to 
the  1!}  in  frequency  stability  and  parts  in  10  to  the  13  in  accuracy,  but  future 
technology  promises  frcc)uency  stindards  with  10  to  the  minus  18  and  10  to  the 
minus  10  in  stability  and  accuracy  respectively.  This  is  something  for  all  of 
you  to  work  toward  in  your  various  lalxiratories. 
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I hero  arc  many  technolofiics  that  will  htmcfit  from  those  imj)roved  accuracies 
and  stabilities.  The  techni(iue  of  very  lon^  baseline  interferometry  will  demand 
it. 

t'loddard,  with  collaborators  at  MIT  Haystack  Observatory  and  our  friends  at 
.IPl.,  pioneered  in  ap|)lyinK  hydrot;en  maser  technic|ues  to  \ LHI  measurements 
in  the  tueodetic  and  astro  work. 

Hydrogen  masers  are  currently  at  use  in  traekinj?  stations  and  radio  astronomy 
stations  in  Massachusetts,  California,  West  Virt;inia  and  Sweden,  to  study  jx^lar 
motion,  the  structure  and  kinematics  of  (|uasars  and  to  devchjp  X'l.Bl  technicjues 
for  subdecimeter  accuracies  necessary’  to  measure  continental  drift. 

The  VI. Bl  activity  at  Goddard  is  primarily  a validation  program  to  determine 
how  well  we  can  measure  the  long  baseline  distances  between  Haystack,  (Kvens 
X’alley  National  Radio  Astronomy  Observatory  and  JPI.  portable  station  sitting 
right  on  top  of  that  fault  up  there  in  F^asadena. 

We  are  striving  to  achieve  a point  to  point  accuracy  of  .a  to  10  centimeters  be- 
tween continents.  We  have  demonstrated  between  Haystack  and  (Hsens  Valley  a 
transcontinental  baseline  capability  between  a and  10  centimeters  accuracy. 

In  summary,  the  major  PTTI  thrusts  at  Goddard  are  precision  frequency  and 
timing  su|>port  to  our  network  tracking  sites,  first  of  all,  hydrogen  maser 
frequency  sfcindard  develoi)ment,  time  transfer  or  clock  synchronization 
t<>chnictucs  and  the  \T.BI  validation  program. 

Goddarfl  ()lans  to  press  forward  with  its  internal  programs  in  these  areas.  In 
addition,  we  will  continue  to  support  and  cooperate  with  the  P'l’Tl  community 
nationally  and  internationally.  The  whole  process  of  lime  and  frequency  mea- 
surement is  one  of  the  highest  intellectual  endeavors  of  mankind  because  it  is 
our  reach  toward  the  reality,  and  it  is  clear  that  the  technology  is  now  moving 
vta’y,  very  rapidly,  and  I e.xpect  that  over  the  ne.xt  10  years,  there  will  be  some 
considerable  breakthroughs  in  the  measurement  of  freciuency  and  lime. 

As  I said  before,  the  hydrogen  masers  are  coming  along  and  I believe  that  we 
have  really  not  yet  begun  to  think  of  the  way  of  using  the  next  generation,  in- 
stead of  a 1000  megahertz  frequency  oscillators,  the  terahertz  frequency  os- 
cillators with  high  stability  that  will  be  coming  available  with  the  lasers  of  the 
futu  re. 

Laser  stabilities  in  molecular  lasers  have  achieved  sub  one  heiiz  stabilities, 
and  I believe  that  with  the  terahertz  frequency  capability,  it  will  be  possible  to 
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make  measurements  of  high  accuracy  and  high  precision  in  the  future  with 
these  devices. 

I thank  you  very  much  for  the  opportunity  to  greet  you  this  morning,  and  I 
particularly  thank  Captain  Noel  and  the  director  of  the  laboratory.  Dr.  Berman 
for  hosting  the  sth  Annual  PT'l’I  Meeting. 

I encourage  all  of  you  to  continue  with  your  needed  and  worthwhile  research 
efforts  and  I look  forward  to  greeting  you  next  year  when  Goddard  will  have 
the  pleasure  of  hosting  your  !)th  meeting. 

I wish  you  a very  successful  three  days. 
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OPENING  COMMENTS 


Captain  Joseph  C,  Smith 
Superintendent,  U.  S.  Naval  Observatory 


('APT.  SMITH:  Mr.  Chairman,  distinguished  members  and  guests  of  the  Eighth 
.\nnual  Precise  Time  and  Time  Interval  .Applications  and  Planning  Meeting,  as 
one  of  the  cosponsors  representing  the  United  States  Naval  Observatory,  I am 
most  honored  to  share  this  opportunity  for  reflective  thinking  with  you. 

Captain  Noel  mentioned  how  we  used  to  drop  the  ball  in  time  at  the  observatory. 
Dr.  Strand,  Dr.  Winkler,  the  members  of  our  time  division,  and  I,  hope  we  are 
still  not  doing  that  today. 

The  United  States  Naval  (Jbservatoi-y  since  its  inception  has  been  deeply  inter- 
ested in  and  involved  with  time;  for,  as  you  are  aware,  time  is  integral  to  both 
fundamental  and  differential  astronomy  and,  of  course,  in  the  precise  location 
of  any  given  |)oint  on  this  globe. 

I'he  United  States  Naval  Observatory  ties  its  Time  Service  Division,  the  Transit 
Circle  Division,  our  Nautical  Almanac  Office,  and  our  Exploratory-  Developmental 
staff  closely  together  for  exploitation  of  this  basic  tnith. 

Interaction  between  disciplines  is  always  necessary  if  we  are  to  progress  in  any- 
given  or  collective  field  of  endeavor.  Specifically  in  the  area  of  time,  the  mis- 
sion of  the  United  States  Naval  Observatory  remains  to  derive,  maintain  and 
coordinate  precise  time  and  time  interval,  both  astronomical  and  atomic,  for 
the  Department  of  Defense,  and  control  distribution  of  and  provide  single  manage- 
ment service  and  interservice  support  for  precise  time  and  time  interval  w ithin 
th<‘  Department  of  Dc'fcnse. 


This  mission  ai«.  i is  supported  by  Navy  and  Department  of  Defense  directives  as 
well  as  deeply  tied  into  public  law.  Our  concern  requires  a time  commitment 
improvement  of  our  service.  This  requires  feedback  from  users.  We  want  to 
hear  from  you,  and  most  specifically  we  want  to  hear  from  you  about  your  timing 
problems. 

We  all  know  high-precision  timing  is  exjx'nsive,  and  in  today's  climate  this  means 
that  resources  must  be  used  optimally.  This  requires  cooperation.  The  meet- 
ing today  is  a testimony  that  the  timing  community  is  interested  and  willing  to 
cooperate,  and  this  is  very  much  appreciated  by  all  of  us  at  the  obser\-atory . 
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(Xir  objc'Ctivo  remains  accomplishment  of  timinc;  at  minimum  cost.  \Vc  sliall 
also  take  tlie  necessary  steps  to  assure  uorlclvvide  continuity  of  precision.  'I'hesc 
ffoals  would  be  incompatible  without  the  support  anri  c<xjperation  which  we  re- 
ceive from  our  friends  throughout  the  services  and  other  agencies,  and  overseas. 

.\s  1 have  e.x.amined  the  operations  of  the  United  States  Naval  Observatory'  during 
my  short  time  on  board,  I am  constantly  reminded  of  the  vastness  of  the  unknown 
versus  the  known;  of  the  continuing  challenge  to  concjuer,  or  at  least  reduce  the 
si/c  of  this  difference. 

1 am  sure  that  the  sessions  and  papers  that  will  be  presented  here  will  be  of 
significance  in  this  endeavor.  For  "How  much  knowledge  is  enough?"  The 
ancient  sage  told  us,  "Always  just  a little  more." 

1 look  forward  to  sharing  this  quest  with  you.  Please  continue  to  keep  in  contact 
with  us  on  timing  matters.  We  will  make  eveiy  effort  to  insure  that  the  service 
we  provide  is  as  effective  as  we  can  make  it. 

My  sincere  thanks  for  joining  us. 
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(.11  SI  SIM  \KI  K 


INI  mSIOKY  OF  IIMF 

Humphry  M.  Smith.  OBI 
Roy;il  ( ln.-1'invich  Otiscrv;ilory,  Sussex.  1 niilaiul 

3{iefc)i  driivered  at  Banquet  of  Eighth  Aimual  Precise  Time  arid  Time  Inter- 
val (PTTI)  Applica:  ions  and  Plariiung  Meeting,  Wednesday  1 December  197b. 
Daval  Hrceai-ch  Labora’ory,  Washington  DC,  UCA. 

Note 

This  was  prepared  for  verbal  prcseritation  on  a socia;  occasion;  hence  the 
dilettante  style  arid  the  ornissiori  of  acknowledgements  and  references. 


The  subject  suggested  to  me  for  my  talk  this  evening  is  "The  History  of 
Time".  The  almost  limitless  scope  of  ttiis  topic  makes  me  very  conscious 
of  my  iriadequacy  to  deal  with  it  competently.  Even  the  erudite  and  out- 
standirig  scientist  Sir  Isaac  Newton  once  remarked,  "I  seem  to  have  been 
only  a boy  playing  on  the  seashore,  and  diverting  myself  in  now  and  ther. 
finding  a smoother  pebble  or  a prettier  shell  than  ordinary,  whilst  the 
great  ocean  of  truth  lay  all  undiscovered  before  me".  P’or  a lesser  mortal 
like  myself,  my  immediate  reaction  to  ttie  challenge  you  have  put  before  me 
IS  to  re-echo  the  classic  comment  of  dam  Goldwyn,  - "In  two  words: 
im-possi ole" . 

Clearly  within  the  limitations  imposed  by  my  oratorical  stamiria  and  by 
your  capacity  for  endurance,  it  is  impracticable  to  attempt  a comprehen- 
sive dissertation  or-  a detailed  review  of  all  aspects  of  this  fascinating 
theme.  I could  concentrate  on  the  dra.iiatic  history  of  clocks  tiu'Ough  the 
ages,  but  even  in  this  restricted  sphere  of  horology  I recall  that  the 
late  Prof  Torrens  had  accumulated  a library  of  some  SOOO  books  on  mechan- 
ical time  keepers  alone.  Alternatively  we  might  trace  the  development  of 
philosophical  concepts  of  time  over  the  centuries,  but  hero  we  should  be 
fishing  in  murky  waters.  Plato  said  that  "the  feeliiig  of  v;onder  is  the 
genuine  mark  of  the  philosopher  for  philosopliy  has  its  origin  in  wonder". 
One  IS  tempted  to  add  that  the  reader  may  experierice  a similar  sensation 
of  wonder,  not  far  short  of  bewildermetit . (Theaetetus  195  CD).  A cursory 
examination  of  the  material  soon  reveals  a whole  gamut  of  opinions,  some 
blatently  ridiculous,  many  abstruse,  others  facile  and  trite.  As  Cicero 
remarked,  "there  is  nothing  so  absui'd  but  .some  philosopher  has  said  it". 
(De  Divinatione,  11.9^).  But  serendipity  comes  to  our  aid,  and  among  the 
plethora  of  verbiage  we  find  occasional  gems  of  sagacity  and  perceptive 
and  stimulating  aphorisms.  Another  li-uitful  field  of  study  is  those 
practical  applications  of  timekeeping  wtiicti  directly  affect  liumanity, 
sirice  particularly  in  recent  years  much  reseai'ch  lias  been  cai'ried  out  on 
the  interaction  between  timekeeping  and  social  ti’ends.  As  we  come  to  the 
scientific  manifestations  of  time  iti  the  cotitemporaiy  scene,  developments 
in  pi’ecise  measui’ement  have  made  it  necessai'y  to  take  into  account  hither- 
to 1 ns  1 gill f leant  or  even  unsuspected  conqilications,  and  have  opened  up 
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pti*ij-ely  hew  fipldt;  of  ihtci'-<lit;cipl inai’.y  I’eaearch. 

In  endcavoiu'i ng  to  limit  tiie  scope  of  this  i-evicv/,  and  thus  to  avoid  the 
locylla  of  supei'f iciality  and  the  Charybdis  of  prolixity,  J am  encouraged 
by  Derek  de  Solla  Price  to  skip  lightly  over  the  supei’abu-hdarice  of 
information  so  diligently  compiled  by  assiduous  but  apparently  ;^illible 
students  of  antiquarian  horology,  since  he  tias  concluded,  and  1 quote 

I'rom  the  history  of  astronomy  and  from  the  known  development  of  sun- 
dials and  other  such  devices  that  virtually  all  of  the  evidence  for  shadow- 
and  water-clocks  being  used  as  timekeepers  before  about  the  fourth  century 
r'C  is  fictional".  He  claims  that  "A  gi’eat  deal  of  damage  and  impediment 
to  clear  scholarship  has  been  caused  by  the  widespread  and  facile  idea 
that  mail  has  always  *kept  time'  by  primitive  astronomical  means".  What 
then  is  his  explanation  of  tile  well-established  existence  of  sucii  devices 
dating  from  the  early  days  of  civilisation?  He  prol'fers  the  speculation 
that  there  was  a strong  development  of  astronomy,  long  before  time  was 
used  as  a concept , in  the  context  of  special  omen  events  which  occurred 
in  the  heavens  and  which  were  reflected  by  happenings  on  Earth.  He  claims 
that  Magalithic  monuments  like  Stonehenge  and  other  ancient  stone  circles, 
ttie  water-clocks  of  ancient  Egypt,  all  the  early  sundials  and  sand-clocks, 
wei'e  conceived  primarily  for  the  fixing  of  heliacal  risings  and  settings, 
new  moons,  equinoxes  and  solstices.  It  was  only  much  later,  siiortly 
before  the  time  of  Ciirist,  that  there  was  a new  movement,  almost  syncliron- 
ously  in  China  and  in  Greece,  which  established  a new  trend  leading  to  tiie 
modern  practice.  Man  was  able  to  use  existing  sopliisticated  techniques  of 
technological  brilliance  to  give  him  the  possibility  of  doing  something  iie 
had  not  wanted  before  it  was  readily  available.  This  pi'oduct,  timekeeping, 
caugtit  on,  and  by  a process  of  evolution  time  became  the  matter  of  deep 
philosophical  and  scientific  importance  whicli  it  assumed  in  the  classical 
and  middle  ages,  and  which  it  is  today. 

A sigml’icant  contribution  to  oui-  understanding  of  the  concept  of  time 
was  by  the  Atheriian  philosopher  Plato  (427-347  BC)  wlio  stands  with  Socrates 
and  Aristotle  as  one  of  the  founders  of  the  intellectual  ethos  of  Europe. 
Mariy  of  his  ideas  on  lime  are  contained  ifi  t:.e  "Timaeus",  the  sequel  to  his 
more  familiar  "Republic".  He  postulated  a creator  as  a living  being  witli 
tiie  attribute  of  being  eternal,  and  concluded  that  it  was  not  possible  for 
him  to  bestow  this  characteristic  of  immortality  on  the  created  universe. 
Plato  explains:-  "Fbr  before  the  heavens  came  into  being,  there  were  no 
days  or  nights  or  months  or  years...  Time  came  into  being  witli  the  heavens 
in  order  tiiat , iiaving  come  into  being  together,  they  would  be  dissolved 
together  if  ever  they  are  dissolved.  As  a result  of  this  plan  and  purpose 
of  God  for  the  birth  of  time,  the  Gun  and  Moon  and  five  planets...  came 
into  being  to  define  and  preserve  the  measures  of  time". 

Gimilar  views  have  been  reiteraced  in  differing  forms.  A Buddhist  priest, 
Nagaseria,  in  the  latter  part  of  the  second  century  BC,  stated :-"Eor  those 
who  have  entered  nirvana,  there  is  no  time".  In  his  Journal  Intime,  Amiel 
(18?1-1881)  says:-  "Time  is  the  supreme  illusion.  For  the  supreme  intelli- 
gence there  is  rio  time;  Time  and  space  are  fragments  of  the  Infinite  for 
the  use  of  finite  crijatures",  Guch  thinking  is  in  general  accorti  witli  the 
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maiiistroam  of  Chrir.tiaii  doclrino:  iii  Paul's  I'lrsl  1ft,  tor  to  Ti'noih;/  ho 
says  of  Christ  "the  only  oovereifjn,  the  King  of  kings  and  Loi'd  of  lords" 
that  He  "alone  has  immoi-t al i ty" . The  well-known  theologian,  1 A Dorner, 
says:-  "We  must  not  maike  Kronos  (time)  and  Uranos  (space)  earlier 
divitiities  befoi'e  Cod."  To  roiuid  off  these  quotations,  we  add  the 
apocryptial  response  popularly  atti'ibuted  to  Aufjustine.  Whilf  discussing 
concepts  of  temporal  sequetice,  a pci'sisterit  (luestioner  asked  wha*  God  was 
doing  before  He  created  the  world,  and  allegedly  received  the  r-esponse 
"He  was  making  a hell  for  the  persons  who  ask  that  kind  of  question".  * 

Although  in  many  areas  Aristotle  was  in  substantial  agreement  witii  Plato, 
he  IS  usually  regarded  as  having  been  more  confident  in  tone  and  more 
positive  in  character.  Ac  a result  his  auCiority  became,  ttiroughout  the 
middle  ages,  despotic  aiid  woll-nigh  sacrosanct.  He  reg'ardcd  the  Platonic 
unqualified  identification  of  time  with  the  cyclic  movements  of  the 
heavenly  bodies  as  untenable,  but  accepted  the  existence  of  an  inter— 
i-elation  between  them.  "Not  only  do  we  measiire  the  movement  by  tne  time, 
but  also  the  time  by  the  movement,  because  they  define  each  other".  Thus 
lie  rejected  the  possibility  of  continuous  rectiliru^ar  motion,  since  this 
would  imply  motion  in  an  infinite  straight  line,  a concept  which  he  found 
unacceptable.  For  Aristotle  tlierefore  time  was  a circle,  measured  by  the 
cyclic  movements  in  the  heavens.  We  are  reminded  of  the  poetic  insight  of 
Henry  Vaughan  ( 16  1'i-1645)  •“ 

"I  saw  Eternity  the  other  night. 

Like  a groat  ring  of  pure  and  endless  light. 

And  calm  as  it  was  bright ; and  round  beneath  it 
Time  in  hours,  days,  years 
Driven  by  the  spheres. 

Like  a vast  shadow  moved,  in  which  the  world 
And  all  her  train  were  hurled". 

Dissatisfied  with  Aristotle's  close  association  of  time  and  motion, 
Augustine  adopted  a more  subjective  attitude,  and  proclaimed:-  "It  is  in 
thee,  my  mind,  that  I measure  times".  Unfortunately  we  cannot  pursue  the 
many  ramifications  of  philosophical  thougtit  on  this  controversial  question. 
So  let  us  conclude  by  accepting  a duality  in  time.  At  one  extreme  we  have 
Newton  who,  at  the  beginning  of  his  Principia  makes  a statement  which  has 
been  one  of  ttie  most  criticized,  and  justly  so,  of  all  his  postulates. 
"Hitherto  I have  laid  down  the  definition  of  such  words  as  are  less  known, 
and  explained  the  sense  in  wtiich  I would  have  them  understood  in  the 

following  discourse.  I do  not  define  time,  space,  place  and  motion,  as 

being  well  known  to  all.  Only  I must  observe,  that  the  vulgai'  conceive 
these  quantities  undei'  no  other  notions  but  from  the  I'ela'ion  they  bear 

* In  fact  Au^^stirie  sani:  "My  answer  to  tliose  who  auk  'what  was  God  doing 

before  he  made  heaven  and  earth?'  is  not  'He  was  preparing  Hell  for  people 

who  pi'y  into  mysteries' I sliall  I'efrain  from  giving  this  reply". 

(Confessions  XI  1?) 
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to  sensible  objects.  And  thence  arise  certain  prejudices,  for  the  re- 
moving of  which  it  will  be  convenient  to  distinguish  them  into  absolute 
and  relative,  true  and  apparent,  rnatliematical  and  common. 

Absolute,  true  and  rnatliematical  lime,  of  itself,  flows  equably  without 
regard  to  anything  external,  and  by  another  name  is  called  duration; 
relative,  apparent,  and  common  time  is  some  sensible  and  external 
(whether  accurate  or  unequable)  measure  of  duration  by  the  means  of 
motion,  which  is  commonly  used  instead  of  true  time;  such  as  an  hour,  a 
day,  a month,  a year."  (Andrew  Motte  tremslation). 

On  the  other  hand,  we  caiuiot  disregard  the  subjective  consciousness  of 
time.  It  is  a common  experience  that,  depending  upon  psychological 
factors,  the  passage  of  time  can  be  fast  or  slow.  When  we  talk  of  a long 
period  of  time  having  passed  quickly  or  slowly,  we  speak  not  of  the  time 
but  of  our  mode  of  remembering  it.  A person  of  rapid  recapitulation  al- 
ways says  the  time  has  passed  quickly,  another  of  a contrary  habit,  the 
contrary;  and  this  whether  the  rapidity  is  a consequence  of  quickness  of 
ideas,  or  of  having  little  to  recall.  The  poet  Henry  Twells  (1823-1^:^00) 
wrote  the  following  words  which  appear  on  a clock  in  Chester  Cathedral :- 

When  I was  a child  I laugiied  and  wept.  Time  crept 
When  as  a youth  I waxed  more  bold.  Time  strolled 
When  I became  a full-growti  man.  Time  ran 
When  oldei'  still  I daily  grew.  Time  flew 
Soon  I shall  find,  in  passing  on.  Time  gone 
0 Christ!  wilt  Thou  have  saved  me  then?  Amen. 

lio  doubt  we  have  all  experienced  the  sensation  epitomized  in  the  succinct 
definition  "Time  is  how  long  we  have  to  wait".  We  can  sympathize  with 
the  refugee,  living  under  the  borrowed  name  Schwartz,  who  in  his  agonizing 
experiences  as  recorded  by  Ei’ich  Maria  Hemai’que  in  "The  Night  in  Lisbon", 
said  "Time  - you  know  that  - is  diluted  death,  a poison  administered  slow- 
ly, in  harmless  doses".  He  looks  back  with  nostalgia  on  happier  inter- 
ludes iri  Pans  with  his  wife,  Helen.  "When  your  world  is  brimful  of 
feeling,  there's  no  room  for  time.  You're  on  another  shore,  beyond  time". 
As  Oliver  Her ford  said,  'There  is  no  time  like  the  pleasant'. 

hut  let  us  leave  the  rumiriations  of  the  pliilosophers  with  an  extract  from 
the  pen  of  Halph  Waldo  iinerson.  "Tobacco,  coffee,  alcohol,  hashish, 
prussic  acid,  strycluiine,  ai'e  weak  dilutions;  the  surest  is  time.  This 
cup  which  nature  puts  to  our  lips,  has  a wonderful  virtue,  surpassing  that 
of  any  other  draught.  It  opens  the  senses,  adds  power,  fills  us  with 
exalted  dreams  which  we  call  hope,  love,  ambition,  science;  especially  it 
creates  a craving  for  larger  (iraughts  of  itself";  and,  in  a more  optimistic 
mood:-  "tJod  has  infinite  time  to  give  us;  but  how  did  He  give  it?  In  one 
immense  tract  of  lazy  milleniums?  No,  He  cut  i t up  into  a neat  succession 
of  new  mornings". 

This  surely  is  the  key  to  a full  life,  entering  expectantly  each  new  day 
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wit}i  all  Its  potential  foi'  service,  for  challenge,  for  exercise  of  mind 
and  body,  for  fellowship,  for  enjoyment,  for  achievement,  and  ultimately, 
for  the  contentment  and  rest  which  comes  from  a sense  of  fulfilment.  Con- 
sider the  cautionary  tale  of  Methuselah.  He  lived  for  nine  centuries,  but 
according  to  the  records,  he  never  did,  thought,  or  wrote  anything  to  make 
such  longevity  worthwhile. 

Aristotle  said  in  his  Metaphysics  "But  as  more  arts  were  invented,  and  some 
were  directed  to  the  necessities  of  life,  others  to  recreation,  the  invent- 
ors of  the  lat’er  were  naturally  always  regarded  as  wiser  than  the  inventors 
of  the  former,  because  their  branches  of  knowledge  did  not  aim  at  utility". 
Even  in  this  present-day  technological  age,  the  theoretician  and  abstract 
intellectual  whose  lofty  deliberations  make  no  beneficial  contributions  to 
the  creature  comforts  of  the  human  race  is  accorded  a higher  status,  and 
regards  contemptuously,  with  a confident  air  of  superiority,  the  most 
brilliant  scientist  and  engineer  who  provides  in  greater  abundance  for  his 
material  needs  and  added  luxuries.  Nevertheless  we  must  now  turn  our 
attention  from  the  visionary  speculations  of  the  ideologue  to  the  banausic 
level  of  the  scientist,  the  engineer  and  the  artificer. 

Alexandria  is  a convenient  place  from  which  to  commence  our  casual  meander 
through  the  enthralling  story  of  the  development  of  timekeepers.  The  con- 
quests of  Alexander  disseminated  the  Hellenistic  civilisation,  arid  created 
a new  intellectual  centre  which  soon  also  became  established  as  the  Western 
nucleus  of  technology.  The  early  history  of  mechanical  gearing  is  still 
enigmatic  but  a subject  of  avid  investigation.  It  is  known  that  Archimedes 
in  about  250  BC  used  a gearwheel  meshed  with  a worm,  and  a simple  planet- 
arium IS  also  ascribed  to  him.  Ctesibius  of  Alexandria,  in  the  second 
century  BC,  constructed  a striking  water  clock  in  which  an  anaphoric 
drive  (so  called  because  it  displayed  the  successive  rising, "anaphora", 
of  constellations  above  the  Eastern  horizon  during  the  night)  was  com- 
bined with  gear  wheels,  mainly  used  for  jack  work.  (Jack  is  the  general 
term  used  for  mechanically-activated  figures,  so  named  after  Jaccomarch- 
ladus,  or  Jacques  Marck,  a clock-and  lock-maker  of  Lille,  PVance). 

Vetruvius  also  made  an  anaphoric  clepsydra  in  about  30  RC.  A float  was 
attached  to  a cord  wound  routid  a dnim  and  fastened  to  a countei-weight . 

The  drum  was  mounted  on  a horizontal  axis  which  also  carried  a plani- 
spheric  disc.  Clocks  of  similar  design  were  still  in  use  as  late  as  the 
end  of  the  17th  century,  but  in  later  models  the  time  dial  was  stationary 
and  the  pointer  travelled  over  il.  Historians  distinguish  three  typos  of 
clepsydra.  One  as  employed  by  Vetruvius,  another  using  a tipping  bucket 
or  a syphon  to  give  intermittent  motion,  and  a third  which  achieved  the 
same  effect  by  using  a continuous  flow  and  a trip  lever.  Heron  of 
Alexandria  in  62  AD  makes  a reference  in  his  Pneumatica  to  a device  which 
may  have  been  driven  by  pneumatic  or  hydraulic  power. 

Within  the  time  at  our  disposal  we  cannot  trace  the  history  of  the 
independent  developments  which  took  place  in  CJiina.  An  acknowledged 
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autiiority  on  Chineyo  liorology  does  however-  r-rihark.:-  "There  re  no  doubt 
tha’  the  Greek!.:  were  the  more  nucceooful  tlieoristo,  but  equally  none  that 
the  Chinese,  on  the  whole,  were  the  better  practical  instrument  makers". 

TJie  Romans  used  three  words  to  designate  tlieir  timekeeping  devic<.-s.  Goneca 
in  the  first  century  AD  used  the  Greek  name  "Clepsycira"  for  water  clocks 
of  varying  defTrees  of  complexity.  The  sundial  was  knowri  as  Solarium,  and 
the  same  name  was  used  for  the  smaller  pocket  sundials,  such  as  the  one 
only  3 cm  in  diameter,  which  was  found  in  the  Adriatic  city  of  Aquileia. 
Another  Qraeco-Latin  name  frequently  employed  was  horolgium,  or  "hour- 
counter".  In  fact  tlie  RomariS  were  slow  in  acquiring  tlieir  first  time- 
keepers: the  Sicilians  in  ^^racuse  had  many  and  according  to  Pliny  the 
Elder  in  his  liistory  of  the  first  Fiinic  War,  the  consul  Marcus  Valerius 
Messala  brought  a sundial  back  from  Catana  to  Rome  in  236  BC,  where  it 
was  installed  and  continued  to  indicate  the  incorrect  time  for  99  yeai-s: 
no-one  had  re^alised  that  a sundial  must  be  desigried  for  the  latitude  in 
which  it  IS  to  be  used,  and  Rome  was  4 2i'  north  of  Cataiia.  Pliny 
lamented  this  deception  of  his  unsuspecting  fellow  citizens,  but  the 
first  sundial  designed  and  constructed  for  the  latitude  of  Rome  was  not 
installed  until  164  BC.  The  number  of  dials  increased  rapidly.  Cicero, 
who  lived  fi-om  10b  to  130  BC  records  that  domestic  clepsydra  and  sundials 
were  common,  and  Juvenal,  60  to  1 3O  BC,  tells  us  that  in  empire  days  the 
upper  classes  not  only  possessed  clocks  but  also  had  slaves  who  read  the 
devices  and  announced  the  hours  to  their  wealthy  masters.  Petronius,  in 
"Tlio  Gatiricon"  tells  of  an  invitation  to  dinner:-  "Here,  don't  you  know 
your  host  today?  It's  IVimalchio  - he's  terribly  elegant...  He  has  a clock 
111  his  dining  room". 

In  general,  however,  the  timekeepers,  though  much  admired,  were  notoriously 
inaccurate.  Lucius  Seneca  in  his  Apocolocyntosis  (II,  P--')  confesses  that 
although  he  can  specify  the  date,  he  cannot  give  the  time  with  any  certain- 
ty, since  it  is  easier  to  reach  agreement  between  phi losophei's  tlian  between 
clocks,  a truly  devastating  admission.  (facilius  inter  philosophos  quam 
inter  horologia  conveniet).  A new  class  of  technicians  appeared  during 
t)ie  I'eign  of  the  Emperor  Trajan  93-117  AD,  and  clocks  became  more 
attractive  and  more  accurate.  It  is  an  interesting  glimpse  into  Roman 
tiunking  tiiat  when  Julius  Caesar  invaded  the  British  Isles  in  55  a-nd  54 
BC,  Jio  was  very  surpi-ised  to  discover  that  the  supposedly  primitive 
Britons  already  had  i;undials. 

One  featuj'e  of  Roman  liorologia  still  persists  today  in  the  use  of  Roman 
numerals  to  mai'k  the  hours.  In  order  to  achieve  symmetry,  it  was  custom- 
ary to  mark  the  four  as  1111  instead  of  the  correct  IV,  since  this  bal- 
ances the  eight,  Vlll.  A notable  exception  is  the  Westminster  clock,  with 
its  famous  "Big  Ben"  bell  in  the  tower  of  the  Palace  of  Westminster  at 
the  British  Houses  of  I’arl lament. 

Bells  played  a prominent  part  in  the  lil'e  of  medieval  towris,  telling  the 
hours,  warning  of  impending  dangers,  summoning  the  populace  foi  assemblies 
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and  announcing  good  news.  It  is  little  wonder  tliat  skilled  and  enter- 
prising craftsmen  experimenied  with  various  mecharasms  for  controlling 
them  and  ringing  them  efl’ectively . There  was  also  a demand  from  astron- 
omers and  astrologers  for  instruments  that  would  imitate  the  movements 
of  the  stars  and  planets.  There  is  a continuity  and  gradualness  in 
technological  change,  and  the  techniques  being  developed  by  craftsmen 
were  moving  towards  the  construction  of  mechanical  clocks;  but  rarely 
there  are  i-adical  advance's  by  which  progress  takes  a leap  forward.  Such 
an  event  was  the  invention,  by  an  uiiidentified  person,  at  a date  that 
cannot  be  established  with  certainty,  of  the  verge  escaprmient.  The 
general  consensus  of  opinion  tends  to  place  the  inception  of  the  device 
in  the  second  half  of  the  thirteenth  century,  but  the  verge  escapement 
with  foliot  introduced  a new  era  in  timekeepers,  and  the  unknown  inventor 
must  have  been  a mechanical  genius.  The  suggestion  that  this  European 
development  had  its  origins  in  a complicated  Chinese  mechanism  built  at 
the  end  of  the  eleventh  century  does  not  now  appear  tenable. 

There  are  well-documented  accounts  of  many  mechanical  clocks  constructed 
and  installed  in  Europe  during  the  fourteenth  century,  but  in  many 
instances  the  indications  of  the  hours  were  by  the  ringing  of  bells,  and 
not  by  the  movement  of  dials  or  hands.  In  fact  the  word  "clock"  derives 
from  the  medieval  Latin  "clocca",  a bell. 

1 will  depart  for  a moment  from  the  chronological  sequence  to  recount  a 
brief  story:  It  is  the  stoiy  ol‘  a factory  owner  wlio  complained  that  his 

workers  arrived  back  late  after  the  dinner-break,  which  was  scheduled 
to  eiid  at  1 o'clock.  TJieir  excuse  was  that  they  sometimes  missed  hearing 
the  single  stroke  of  the  bell.  He  overcame  the  difficulty  by  arranging 
for  the  clock  to  strike  thirteen.  Winch  brings  to  mind  another  story 
told  in  Punch  60  years  ago  by  A P Herbert,  in  which  the  Lord  Chief 
Justice  in  the  Court  of  Criminal  Appeal  felt  unable  to  rely  upon  a 
, statement  that  had  been  made.  He  said  "it  is  like  the  lith  stioke  of  a 

i crazy  clock  which  not  only  is  itself  discredited  but  casts  a siiade  of 

doubt  over  all  previous  assertions". 

i 

j But  to  return  to  our  riarrative.  An  outstanding  example  of  the  complex 

I astronomical  clocks  which  characterized  this  stage  of  development  was 

I made  in  1 5^  by  Giovanni  de  'Dondi,  probably  with  the  help  of  his  father, 

I Jacopo.  It  reproduced  mechanically  the  movements  of  the  Sun,  Moon  and 

I five  plariets,  and  incorporated  a perpetual  calendar.  After  the  death  of 

its  maker,  no  one  could  be  fourid  to  take  care  of  it,  and  it  finally  dis- 
integrated. Accurate  details  were  recorded,  and  we  have  complete  info- 
j mat  ion  on  the  design. 

In  1370  Charles  V of  IVance  installed  a clock  that  struck  the  hours  on 
I one  of  the  towers  of  the  royal  palace.  He  was  delighted  and  had  two 

similar  clocks  erected  in  other  parts  of  the  town.  Being  concerned  that 
the  bells  could  not  be  heard  by  all  the  citizens,  he  ordered  all  tiie  churches 
in  Pans  to  ring  their  bells  (par  pointez  a maniere  d'orologe  ) when  the 
royal  clocks  struck.  Thus  everyone  siiould  knov;  tiie  time  "whetiier  the 
Bun  IS  shining  or  not"  (luise  le  soleil  ou  non). 
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A big  clock,  especially  a public  clock,  was  very  expensive  in  those  days. 
It  was  expensive  to  build:  the  mecharusm  ol'  a public  clock  at  Montpellier 
constructed  in  I4IO  weighed  about  2 OOU  pounds,  and  the  bell  a like 
amount.  In  addition  there  was  a striking  figure  and  other  paraphernalia. 
The  estimated  cost  was  ?00  "escuts",  an  obsolete  gold  coin  roughly 
equivalent  to  the  more  recent  "ecu"  which  was  replaced  with  the  franc. 
Before  ttie  days  of  currency-juggl ing  and  devaluation,  the  "escut"  might 
be  thought  of  as  a genuine  original  dollar.  In  addition,  the  supplier 
required  "deux  muids  de  vin"  and  "deux  melons  de  ble";  say  two  barrels 
of  wine  and  two  heaps  of  gram.  But  apart  from  the  capital  cost,  there 
was  a commitment  to  the  regular  wage  of  a specially-appointed  governor. 
This  was  no  sinecure.  Often  the  governor  had  to  wind  the  clock  twice  a 
day,  and  he  had  therefore  to  climb  twice  a day  to  the  top  ol'  the  clock 
tower;  he  had  very  frequently  to  grease  the  machine  and  set  or  reset  the 
hand  because  the  clock  lost  or  gained  much  time  in  the  course  of  half  a 
day.  Despite  the  drain  on  local  finarices,  civic  pride,  utilitarianism 
and  mechanical  interest  fostered  the  installation  of  a growing  number  of 
clocks.  Tlu'oughout  the  14th  and  l^jth  centuries  many  complex  arid 
elaborate  clocks  embodied  a strange  combination  of  brilliance  in  con- 
ception with  a deficient  technique  of  construction.  If  and  when  they 
worked,  they  gained  or  lost  much  time  in  a day.  Generally  it  was  not 
considered  necessary  to  provide  a minute  hand.  Even  the  famous  palace 
clock  of  Charles  'V  was  said  by  Parisians  "to  go  as  it  pleased"  (I'horloge 
du  palais,  elle  vas  comme  il  lui  plait). 

Until  about  the  middle  of  the  1|?th  century,  there  were  only  public  clocks 
or  those  in  the  possession  of  the  very  wealthy.  Moreover  since  weights 
provided  the  only  motive  power,  clocks  were  not  easily  portable.  It  seems 
likely  ttiat  the  ITrst  spring-driven  clocks  were  made  in  Italy  about  I4IO, 
possibly  by  Filippo  Brunei 1 esctii . There  is  little  doubt  that  portable 
spring-driven  clocks  were  becoming  more  numerous  by  1450»  and  that  an 
ingenious  device,  the  fusee,  had  been  invented  to  minimise  the  deleterious 
effect  of  the  slowly  diministiing  driving  power  of  the  spi’ing.  (An  earlier 
mechanism,  the  stackfreed,  had  been  designed  for  the  same  purpose,  but 
although  its  use  persisted  until  the  beginning  of  the  17th  century,  its 
performance  fell  fai'  short  of  that  of  the  fusee).  Pocket  timekeepers  made 
their  appearance  towards  the  end  of  the  l^th  century  and  at  ttie  beginning 
of  the  Ibth,  More  craftsmen  acquired  the  skills  of  the  trade,  and  during 
the  16th  and  17th  centuries  in  Europe,  there  was  a growing  market  among 
the  middle  classes,  merchants,  lawyers,  doctoi’s,  and  apothecaries,  who 
could  afford  to  buy  bettei'  houses,  good  clothes,  and  such  amenities  of 
life  as  domestic  clocks. 

While  the  performance  of  clocks  was  irregular-,  a minute  hand  was  super- 
fluous. No  exact  date  cari  be  given  for  the  introduction  of  this  refine- 
ment, but  in  the  llbert  collection  in  the  British  Museum  tliere  is  a two- 
hcUided  clock  made  by  Nicholas  Vailin  in  The  inner  hand  rotates  once 

per  hour,  but  the  only  markings  are  the  quar-ters.  The  clock  chimes  on 
thirteen  bells.  It  was  only  with  the  inverition  of  the  peridulum  which 
significantly  improved  the  timekeeping  accuracy,  that  the  general  use  of 
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a minute  hatui  became  justifiable.  As  is  well-known,  the  isochronous 
prop€-rty  of  the  pendulum  was  discovered,  or  some  authorities  say  "re- 
discovered" (see  Note  below)  by  the  famous  Italian  astronomer,  Galileo 
Galilei  who  also  itivertted  the  thermometer,  and  the  telescope,  and  v as 
the  founder  of  tJic  science  ol’  dynamics.  The  application  of  the  pendulum 
to  a clock  was  due  to  Cliristiaan  Huygens,  the  eminent  Dutch  astronomer 
and  mathematician.  In  1o57  he  assigned  his  invention  to  Saloman  Coster, 
a master  clockmaker  at  The  Hague.  On  Septembei'  ',  16^7,  Coster  made  an 
agreement  with  Joiui  Rromanteel,  a younger  member  of  a family  of  clock- 
makers  of  Dutch  descent  living  in  London.  ll'omanteel  agreed  to  pay 
Coster  a royalty  of  20  Carolus  gulden  for  each  clock  he  made,  on  con- 
dition he  worked  with  his  own  steel  and  brass:  if  Coster  supplied  the 
material,  he  was  to  receive  l8g-  gulden  per  clock.  A pendulum  clock  made 
by  Coster  himself  in  1o57  had  a chapter  ring,  outside  the  hour  ring,  to 
indicate  the  minutes. 

As  this  IS  an  informal  social  occasion,  and  not  confined  to  serious  scient- 
ific dissertations,  may  I depart  from  the  strict  limitations  of  my  assign- 
ment and  turn  to  one  of  the  lighter  aspects  of  time  which  may  be  culled 
I’rotn  the  pages  of  the  famous  book  by  Laurence  Stern,  "The  Life  and 
Opinions  of  Trustram  Shandy"? 

Tristram  tells  us  that  he  was  "begot  in  the  night  betwixt  the  first  Sun- 
day and  the  fii'st  Monday  in  the  month  of  March,  in  the  year  of  our  Lord 
1718.  I am  positive  I was".  He  goes  on  to  explain  wiiy  he  can  be  so 
certain.  "My  father....  was,  I believe,  one  of  the  most  regular  men  in 
everything  he  did,  whether  t 'was  matter  of  business,  or  matter  of  amuse- 
ment, tliat  ever  lived.  As  a small  specimen  of  this  extreme  exactness  of 
his,  to  which  he  was  in  truth  a slave,  - he  had  made  it  a rule  for  many 
years  of  his  life,  - on  the  first  Sunday  night  of  each  montli  throughout 
the  whole  year,  - as  certain  as  ever  ttie  Sunday  night  came,  - to  wind  up 
a large  house-clock,  which  we  had  standing  upon  the  backstairs  head, 
with  his  own  hands:-  arid  being  somewtiere  between  fifty  and  sixty  years  of 
age,  at  the  time  I have  been  speaking  of,  - he  had  likewise  gradually 
brought  some  other  little  family  concerrmients  to  the  same  period,  in 
order,  as  he  would  often  say  to  my  uncle  Toby,  to  get  them  all  out  of  ttic 
way  at  one  time,  and  be  no  more  plagued  at.d  pestered  with  them  ‘he  rest 
of  the  month". 

The  euphemism,  winding  the  clock,  became  quite  common,  and  has  even  re- 
appeared in  the  recent  craze  for  resuscitating  folk  songs  witti  a modern 


Note:  The  dubious  attribution  to  Leonardo  da  Vinci  depends  upon  tbe 

exercise  of  unnecessary  ingenuity  by  a translator:  "fa  che  unora  sia  duj 
sa  in  i 000  partj  e cquesto  faraj  colloriolo  allegeredo  o agravado  il 
cotrapeso"  wtuch,  as  pointed  out  in  Baillie  Glutton  and  llbert's  revised 
Britten  ’Old  Clocks  and  Watches  and  Their  Makers', is  precisely  the  way 
of  regulating  a verge  and  foliot  escapement. 
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musical  setting.  Those  who  are  familiar  with  this  trend  may  have  come 
across  the  ditty  with  the  choi'us:- 

Take  yoiir  lime,  me  lovely  old  lad 

There  amt  no  reason  to  iiurry, 

For  so  long  as  you're  able  to  wind  up  me  clock 

Then  I'll  have  no  need  for  to  worry 

At  this  point  it  is  interesting  to  recount  the  increasing  influence  of 
the  Livery  Companies.  Tn  London  it  had  been  the  custom  for  various  trades 
or  crafts  to  group  themselves  together  in  pai’ticular  precincts  of  the 
City.  Sigris  of  supervision  of  the  crafts  and  trades  by  their  respective 
guilds  appear  as  early  as  the  twell'fh  century,  regulating  prices, 
instituting  technical  education  through  apprenticeship,  inspection  of 
products,  and  a form  of  quality  control.  Each  guild  limited  the  number  of 
apprentices,  and  forbad  the  conduct  of  its  trade  to  any  other  than  those 
wtio  had  been  admitted  to  its  freedom.  In  the  17th  century  the  Freemen 
Clockmakers  had  obtained  the  right  to  practice  their  craft  thi'ough  the 
Blacksmiths'  Company,  and  no  doubt  only  the  simplicity  of  the  medieval 
iron  clock  allowed  a specialist  blacksmith  to  make  one.  (it  must  be  made 
clear  that  the  term  "Blacksmith"  implied  aii  artist  in  iron;  the  role  of 
shoeing  horses  was  the  province  of  the  Earlier).  After  a number  of 
attempts,  which  were  opposed  by  ttie  Blacksmiths,  the  Clockmakers  eventually 
succeeded  in  obtaining  their  own  Chartei'  from  King  Charles  I on  22  August 
163'.  The  Worshipful  Company  of  Clockmakers  controlled  the  horological 
trade  in  the  City  of  London  and  within  ten  miles  thereof,  imd  was  govern- 
ed by  a Master,  ttiree  Wardens,  and  a Court  of  Assistants.  Tlie  executive 
officer  IS  the  Clerk,  who  is  assisted  on  ceremonial  occasions  by  his 
Beadle.  I have  the  honour  to  be  a liverymari  of  this  distinguished  Com- 
pany which  lias  numbered  among  its  members  many  famous  clockmakers,  and 
which  continues  to  cherish  its  traditions  and  to  play  an  active  role  in 
contemporary  horology. 

But  no  history  of  timekeeping,  however  cursory,  can  fail  to  make  some 
rcl'erence  to  the  sociological  changes  which  inf luenced ,and  were  influenced 
by,  the  increasing  infiltration  of  time  in  daily  life.  Jaques  le  Goff 
remarks:-  "Perhaps  the  most  important  way  the  urban  bourgeoisie  spread  its 
culture  was  the  revolution  it  effected  in  the  mental  categories  of 
medieval  man.  The  most  spectacular  of  these  revolutions,  without  a doubt, 
was  the  oiie  concerned  with  Uie  concept  and  measurement  of  time".  He 
examined  iri  detail  the  ^^adual  ti'ansition,  in  the  middle  ages  of  urban 
organization  from  Ecclesiastical  to  merchants'  time.  The  practical  time 
of  the  Churcti  derived  from  antK;uity,  ai»d  ttie  bells  which  amiouiiced  tlie 
canonical  hours,  - Matins,  Lauds,  Prime,  Terce,  Sext,  None  and  Vespers  - 
continued  to  regulate  the  religious  life  of  ttie  community.  But  often  the 
chui'ch  clocks  wei'e  imprecise  and  valuable,  and  shopkeepers  and  workmen 
required  a more  exact  time-keeping  geai’ed  to  worldly  and  secular  needs. 

Goff  says  (and  I give  a free  translation)  "The  public  clock  is  an  instru- 
ment of  economic,  social  and  political  domination,  belonging  to  the  tradcs- 
meri  who  rule  Uie  comrnuriity:  and  for  this  pui'pose  ttie  necessity  of  strict 
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timekeeping  becomee  apparent,  I'oi-  in  the  teictile  induElry  it  in  advicable 
that  the  day-workers,  the  labourers  of  the  industry,  should  come  to  aiid 
leave  work  at  fixed  times".  It  is  evident  tJiat  while  cottage  industry 
and  agriculture  were  the  backbone  ol'  i-ural  life,  even  the  church  clock 
was  almost  superfluous;  but  as  work  became  centered  in  the  towiiS,  and 
factories  and  mills  were  established,  uniformity  of  time,  within  the 
locality,  became  of  increasing  importance.  Thus  to  quote  Goff  agaiij:- 
"Ttiis  IS  the  great  revolution  of  the  commuiiity  movement  in  time  regil- 
ation;  these  clocks  set  up  ever.ywhere  are  in  competition  witri  the  chiirch 
bells". 

Itmay  be  convenient  here  to  depart  again  from  our  ctirotiological  sequence 
and  follow  the  subsequent  developments  of  unification  in  time  keeping. 

The  need  for  local  time  developed  from  the  industrial  revolution,  but  by 
the  mid-17th  century,  facilities  for  travel,  hitherto  the  privilege  of 
the  aristocracy  and  prosperous  merchants,  began  to  become  available  to  aii 
increasing  numbei'  of  the  populace.  The  stage-coach  service,  estaolished 
in  England  in  I784,  led  to  the  spread  of  Londori  time,  determined  at 
Greenwich  Observatory,  throughout  the  length  and  breadth  of  the  country. 
Early  in  the  19th  century,  the  railway  system  began  to  extend  its  tracks 
from  the  capital  to  the  provinces,  and  the  network  of  telegraph  cables 
enabled  all  the  major  towns  to  conform  to  a uiiified  system.  In  I85I  the 
Great  Exhibition  in  Hyde  Park,  Londori,  resulted  in  travel  on  an  un- 
precedented scale.  In  a paper  presented  at  the  symposium  last  year  to 
celebrate  the  Tercentenary  of  the  Royal  Observatory,  I quoted  Aldous 
Huxley's  comment:-  "In  inventing  the  locomotive.  Watt  and  Stevenson  were 
par*  inventors  of  time".  When  Greenwich  Mean  Time  was  adopted  as  the 
legal  time  for  England,  Scotland  and  Wales  in  I88O,  the  law  was  endorsing 
an  already  existing  situation. 

Another  aspect  of  timekeeping  which  cannot  be  omitted  on  this  occasion  con- 
cerns navigaMon.  Many  of  you  will  bo  familiar  with  tiie  problem  facirig 
the  maritime  nations  in  finding  a solution  to  :he  determination  of  long- 
itude at  sea.  In  A Sliort  History  of  Navigatiorj,  Branch  and  Brook-Williams 
recount  the  difficulties  encountered  by  Columbus,  which  it  is  surely 
appi'opriate  to  quote  in  the  country  he  is  generally  credited  or  blamed 
for  tiaving  discovered:-  "Columbus  in  his  voyages  used  a simple  needle 
supporting  a paper  compass  rose  and  pivoted  on  a steel  point.  His  ships 
were  wooden  and  non-magnetic,  but  they  were  also  small  with  consequent 
large  motions  in  a seaway.  Steering  by  that  compass  and  other  similar 
types  must  have  done  a great  deal  to  enricti  our  language!"  But  such 
calamities  as  the  wreck  of  Vice-Admiral  Sir  Cloudesley  Shovell's  fleet 

off  the  Isles  of  Scilly  in  1707  after  a twelve-day  voyage  from  Gibraltar 

under  cloudy  skies,  with  the  loss  of  2 UUO  seamen  was  an  outstanding  and 
tragic  occurrence  winch  ('mphasized  the  tiazards  of  navigational  uncertainty, 
;md  winch  led  the  British  Government  in  I7M  to  ofier  an  award  of  .tPO  000 

to  any  pei-sori  who  could  devise  a method  of  firuiing  tiie  longitude  of  a ship 

at  sea  within  an  accuracy  of  1 (or  OO  nautical  miles)  at  the  end  of  a 
voyage  from  Britain  to  the  West  Indies.  The  use  of  a timekeeper  on  a 
ship  for  this  ptirpose  tiad  been  proposed  as  long  ago  as  l^jO  by  Gemma 
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b'l-iL'iui},  but  the  firut  attempt  'o  mtikc  a si.'a-going  clock  by  Huygens  in 
ItiS  ' wan  utisuccessful . The  reward  was  eventually  won  by  a 'for-kshire 
cai'pentor,  Jotui  Hai-i'ison.  Tects  a*  sea  tiad  to  be  postporied,  as  Britain 
was  ; iiet.  at  wai'  with  Bpain,  and  it  was  feai'ed  that  the  instrument  might 
be  captured.  Preliminary  trials  were  conducted  on  a barge  in  the  liuiiiber. 

It  was  It,  17ol  tiiat  Haiu-isun’s  fourtti  timekeeper  was  taken  to  Jamaica  and 
bank  iti  ilMP  Deptford.  It  was  supervised  on  the  journey  by  Harrison’s 
sot.,  William.  On  ai’rival  in  Jamaica  it  was  fouiid  to  be  in  error  by  no 
more  that,  five  tteconds.  Ttie  long  and  frustra'ing  stoi-y  of  Harrisort's 
bat'le  *0  receive  his  reward  is  well-documented;  suffice  to  say,  he  was 
eighty  years  of  age  liel'ore  payment  v;as  made  in  full. 

The  need  now  became  apparent  foi'  ari  international  agreement  on  a standard 
meridiat;  from  which  time  and  longitude  could  be  reckoned.  Many  pamphlets 
were  written,  proposing  various  solutiotis,  but  a conference  in  Rome  in 
188/  strongly  advocated  the  adoption  of  a single  reference  meridian,  that 
of  Greenwich. 

If  we  are  to  pick  out  one  name  as  tha‘  of  the  man  chiefly  responsible  for 
the  system  of  time  zones  based  on  Greenvjich,  that  man  must  surely  be 
Ctiarles  F Dowd,  Principal  of  Temple  Grove  Ladies  Seminary  at  Saratoga 
Springs.  He  I'eceived  strong  support  from  W P Allen,  Secretary  of  the 
tl  L General  Railway  Time  Convention,  and  fellowcountrynien  Cleveland  Abbe 
and  {'resident  Barnard  of  Columbia  University.  Independently,  ,‘landford 
Meming,  ttie  ticot  tish-Canadian  Engineer-in-Chief  of  the  Caradian  Pacific 
Railway,  wrote  copiously  in  favour  and  enlisted  the  interest  of  the  British 
Govcrnirient , despite  ‘In  unenthusiastic , and  at  times  hostile,  a'titude  of 
sucti  personalities  as  ttie  Astronomer  Royal  and  the  3uperinter,der.t  of  ttie 
U P.  Nautical  Almanac  Office.  Sir  George  Airy  said:-  "..  as  to  the  need 
of  a prime  meridian,  no  practical  rrian  ever  wants  such  a tiling"  while 
t'rofesEor  Simon  Newcome  roundly  condemned  the  whole  idea,  saying:- 
"A  capital  plan  for  use  during  the  millenium.  Too  pei'fect  for  the  preset. t 
state  'f  tiumanity.  See  no  more  reason  for  considering  B.iirope  in  the 
mattei’  than  for  considering  ttie  inhabitants  of  the  planet  Mars.  No;  we 
do.' ' t care  for  ottier  nations,  can't  help  them,  and  they  can't  help  us". 

At  'he  formal  conference  in  Waslungtori  in  I884  the  various  arguments  were 
res'ated  until  eventually  there  was  an  unexpected  measure  of  agreement. 

The  British  repressed  ttieir  congenital  leaning  toviards  tradition,  arid  the 
B'rench  relaxed  their  ctiaracteristic  preference  for  logic.  Practical  con- 
siderations carried  ttie  day.  The  system  of  time  zones  related  to  the 
Greenwich  meridian,  and  the  adoption  of  Greenwich  Mean  Time,  were  duly 
approved.  Various  points  of  detail  remained.  It  was  not  'intil  1925  that 
•tie  almanacs  employed  GMT  reckoned  from  midnight.  The  designation  Univer- 
sal Time  vras  introduceiJ  to  replace  GMT,  but  has  only  been  implemented  in 
astronomical  and  some  related  contexts.  But  in  these  matters  it  is  tlie 
user's  and  the  general  public  who  seem  to  prefer  the  more  meaningful  term 
GMT  with  its  obvious  link  with  longitudes.  The  Radio  Regulations  of  the 
International  Telecommunications  Union  still  retain  GMT  in  their  documents 
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a:-  • ho  authorized  tiofi^jiiat  ion  of  time  in  the  radio  and  communications 
field,  aiid  the  fourth  annual  Navigation  symi)Osium,  meeting  in  Washington 
lust  year,  luirepentantly  demanded  "that  ’he  terminology  Greenwich  Mean 
Time  bf-  continued  in  its  present  sense  in  tiie  practice  of  navigation". 

Itut  let  us  re’urn  for’  a few  moments  to  our  consideration  of  clocks. 
Pendulum  clocks  wei-e  the  subject  of  progressive  improvement.  Temperature 
compensated  pendulums,  dead-beat  escapements,  magnetic  correction  for 
variations  in  barometric  pressure  anci  in  19^1)  the  fi  pendulurri  clock. 

W H ;i}iort*,  a railway  engineer,  was  invest igating  the  causes  of  excessive 
wear  on  the  track,  especially  on  curves,  and  came  to  ’he  reluctant  con- 
clusion that  perhaps  some  drivers  were  not  adhering  strictly  to  the  per- 
mitted speed  limits.  He  decided  to  carry  out  some  tests,  vjhich  involved 
checking  the  speed  of  trains  over  short  distances,  and  thus  demanded 
accurate  timing.  His  interest  liaving  been  riroused , he  employed  his 
engineering  skills  j.n  the  construction  of  a clock  to  his  own  original 
designs.  The  first  Gliort  t free  penciulum  arid  slave  were  tested  at  the 
Royal  Obsei'vatory , Ixlinbui’gh , ir.  1921-1924  by  Prof  'dampson.  Ir.  collabor- 
atioii  Kith  F Hope-Jones  of  the  Gynchronome  Company,  Sliortt  clocks  were 
marji  and  brought  into  service  at  many  of  the  major  timekeeping  observat- 
oi’ies  tiu’ougliout  the  world,  and  ushered  in  a new  standard  of  accuracy. 

Iricidentally,  I found  veiy  puzzling  a letter  to  the  Times  of  I5  November 
197b  (from  Nikolai  Tolstoy)  who  claimed  that  91^  years  ago  the  Goviel 
Government  executed  Nikolai  von  Meek  of  the  Peoplet;  Commissariat  of 
Railways  for  the  crime  of  causing  the  trains  to  attend  with  diobolical 
precision  to  their  timetables:  the  pi'osecution  was  able  to  prove  that 
his  intention  was  to  cause  speeding  ti’ains  to  wear  out  their  tracks, 
thus  leaving  the  USSR  helpless  in  the  event  of  war. 

It  was  durirg  the  first  year  of  my  service  as  Head  of  t)ie  Time  Depirtment 
at  Greenwich  that  we  installed  oui'  first  quartz  clock.  Almost  immediately 
we  were  committed  to  a programme  of  extensive  replacement  of  all  the 
ancillary  equipment.  Ttie  old  radio  receivers,  witli  their  externally- 
mounted  variable-reaction  coils  ceded  place  to  newer  designs  which  in- 
corporated mult i-electi’ode  valves.  To  the  best  of  my  knowledge,  the 
Greenwich  Time  Department  was  the  first  to  make  all  routine  measures  of 
clock  comparisons  with  electronic  counters. 

itidio  time  sigrials  were  measured  using  a visual  cathode  ray  tube  display 
with  pluaseable  clock  markers.  Tlie  19.Vt-19'4‘i  war  initially  delayed  some 
plan.  , particularly  as  we  tiad  *0  set  up  two  cmeigency  stations,  Abinger 
and  IVI 1 riburgh , for  the  control  of  the  Rugby  radio  time  signals,  together 
witli  the  short-wave  emissions  whicli  we  had  also  1 nauftut'a  t ed . On  the  ottier 
liand , we  were  presf>nted  with  a requirement,  arising  from  the  rapid  devel- 
opments in  radar,  to  achieve  a ten-fold  increase  in  the  accurticy  of  tlie 
radio  time  signals.  With  the  assistance  and  ready  co-opcration  of 
colleagies,  both  within  the  observatory  and  in  other  establishments,  the 
target  was  attained.  A major  contribution  was  the  provision,  by  the  Post 
Office,  of  daily  information  on  the  quartz  clocks  at  Dollis  Hill  Radio 


Kcreai'cti  LaLoratoricL',  who  later  supplied  us  wiMi  a numbsi-  ol'  clocks  for 
use  at  our  two  time  sei'vice  stations.  At  Abinger  an  r'lectror.ics  laboratory 
was  set  u}),  and  proved  of  inimerice  value. 

i'l-obably  the  most  outstanding  advance  in  I'ecrrit  years  was  the  malis- 
aiion  of  atomic  standards  for  time  and  frequency.  We  enjoyed  tiie  co- 
opei-ation  of  the  National  Physical  Laboratory,  when  in  1955  data  from  the 
caesium  beam  frequency  standard  of  Essen  and  Pari'y  became  available  for 
ttie  absolute  calibi-a'ion  ot'  our  quartz  clocks.  Tins  continued  until  we 
were  able  to  acijuire  commercial  atomic  clocks  and  to  maintain  ari  independ- 
ent atomic  time  scale,  and  thus  to  take  our  place  as  one  of  the  seven 
esiaolishmeiits  contributing  to  the  formation  of  the  Bill  scale  of  atomic 
time.  Nevertheless,  not  everyone  is  ^^-eatly  impressed.  H Notwotny  wiutes: 
"Today,  as  befits  an  age  dominated  by  scientific  thinkiiig,  precision  and 
luiarnbiguity , we  have  agreed  to  the  definition  of  a standard  second  in 
tei-ms  of  a spectroscopic  frequency.  The  impact  of  this  uncritical  quest 
for  physical  precision  is  evident  in  many  facets  of  our  daily  lives". 

Notice  the  sly  dig  "this  uncritical  quest". 

One  of  the  major  tasks  of  a timekeeping  observatory  is  the  determinat lor. 
of  astronomical  time.  The  Airy  transit  circle,  which  defines  the  zero 
mer-idian,  was  superseded  for  time  obscvvat ions  by  small  reversible  transit 
instruments  in  19?b,  and  various  improvements  in  instrumentation  and  in 
procedures  met  with  some  success.  Around  1940  the  photogr'aphic  zenith 
tube,  which  had  been  adapted  for  time  and  latitude  woik  at  the  US  Naval 
Observatory,  began  to  engage  oui‘  attention.  By  courtesy  of  the  USNO,  full 
working  drawings  were  made  available  to  us,  but  after'  careful  consideration 
we  decided  to  ombai'k  on  a new  design.  A small  instrumentation  laboratory 
was  formed,  and  U S Perfect,  working  closely  with  Grubb  Parsons  of 
Newcastle,  designed  the  instrument  which,  with  a number  of  later  modific- 
ations, IS  still  in  use  today,  and  giving  results  of  the  highest  quality. 
The  decisioii  of  tlie  Caiiadiari  authorities  to  instal  a PET  on  the  same 
latitude  has  proved  outstandingly  successful. 

I must  apologize  for  straying  from  my  original  brief,  tlie  History  of  Time, 
to  reminiscences  of  events  during  my  forty  years  at  the  Royal  Observatory. 
May  I draw  this  discursive  nai-i'ative  to  a close  by  refei-ring  briefly  to 
three  examples  of  the  close  collaboration  which  has  been  built  up  between 
the  Royal  Greenwich  Observatory  and  our  colleagues  here  in  the  United 
States. 

It  may  not  be  generally  knowi.  that  the  pi'csent  co-ordinated  system  foi' 
radio  time  sigiials  came  into  being  following  tlie  success  of  an  experi- 
mental exercise  initiated  by  the  UGA  and  UK.  The  preliminary  informal 
aj;roemerit  was  reached  at  a meeting  in  the  gmten  of  my  liouse  in  Bcxhill 
on  a s'unny  afternoon  on  19th  July  1959-  Uor  the  I'ccord,  those  present 
were  H Harrell  of  the  NPL  and  Chairman  of  the  International  Committee  of 
Weights  and  Measures,  H L Corke  of  the  Biutish  Post  Office  Radio  Brandi 
Ixiboratori es , L llssen  (NPL),  W Markowitz,  Director  of  the  Time  Sei'Vice 
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at  the  UStJO,  and  D H Idadler,  C A Murray,  H P J OMlora  and  myr.elf  from 
tlie  RGO.  My  wife  provided  tea.  A more  formal  meeting  at  the  UMNO  on 
!’6  and  ?7  ^^ay  19&0  eridoroed  the  arrangementr . f4irkov/itz  wat:  in  the  GJiair: 
other  participaiits  were  Andrews,  Hastings  and  McHich  (UITt),  Corke,  Esoen 
fuid  thuth  (UK)  and,  ao  an  observer,  Kalra  from  Canada.  The  principles 
were  luianimously  agreed,  but  the  details  left  fluid.  Miarkowitz  and  I w^^re 
to  develop  the  scheme  ar  circumstances  required.  Despite  the  fact  that 
the  method,’ as  you  all  know,  depends  upon  the  introduction  of  time  steps 
(now  leap  seconds),  neither  of  us  has  so  fai’  expei’ienced  the  fate  of  the 
legendax'y  Chinese  asl ronotjei’s  Hsi  and  Hso  who  in  the  reign  of  Chuiig  Kang, 
7th  or  8t}'.  contiu'y  BC,  were  guilty  of  transgi'essing  the  "inviolable  laws" 
by  winch  "actronomei'S  who  advance  or  set  back  the  time  shall  implacably 
(or,  without  pardon)  be  punished  with  death". 

The  second  example  I choose  is  the  close  liaison  which  has  becti  achieved 
111  the  use  of  Loran-C.  In  the  early  stages  problems  were  legion,  but 
t''gcther  with  the  UStJO  and  the  US  Coastguards,  a firm  and  accui-ate  link 
has  been  established. 

last  example  is  still  in  the  development  stage.  Using  equipment  loaned 
by  the  Naval  Research  Laboi'atory,  we  made  a sei'ies  of  comparisons  using 
the  previous  Timatior.  satellite.  We  are  now  securing  bettei’  data  with 
the  present  NTf-l  sa'ellite.  Tliei'c  have  been  many  interesting  problems 
to  solve,  but  useful  experience  is  being  built  up.  In  this  enterpi'ise,  as 
in  the  many  others  which  have  pi'ccedcd  : • , an  outstanding  feature  has 
boon  the  happy  and  amicable  spurt  of  co-opcration  which  has  developed 
spontaneously  between  the  U.iA  and  UK  pai-ttioiu:  in  oui’  techtiical  and  social 
contacts.  I personally  view  'he  pruunt  satellite  pro^gi'amne  as  one  with 
^ great  future.  Pei'haps  once  agair;  w arc  l.ilazing  a trail  that  others  will 
I'ollow.  Another  chapter  in  the  Hi.-t  ry  cf  Tn-ic  is  in  the  making. 


NAVSTAR  C’.LOHAI,  POSH  ION  SYSTEM  (GPS)  CAPABILI'l'Y  AND 
PLANS  FOR  Pl'l  I APPLICATIONS* 

Cmdr.  William  G.  Houston 

Space  and  Missile  System  Orjianization 
Los  Anj^eles,  California 


ABSTRAC'I' 

The  NAX'S'l'AR  Global  Positioning  System  (GPS)  consists  of  a network  of 
satellites  in  12  hour  orbits.  When  fully  operational,  the  primary  function  of  the 
system  will  be  to  provide  data  for  precision  navigation.  A user  with  a special 
GPS  receixcr  will  obtain  transmission  from  four  satellites,  each  including  a 
satellite  ephemeris.  With  this  information  the  receiver  can  calculate  its  .‘1- 
dimensional  position  within  approximately  10  meters.  'I'o  provide  the  extremely 
accurate  system  time  required  for  this  fjositional  precision,  each  satellite  will 
carry  an  atomic  (Cesium  and/or  Rubidium)  frequency  standard.  .As  a result, 
in  addition  to  its  primary  function  of  navigation,  the  NAVST.AR  system  will  offer 
an  excellent  source  of  precision  time,  and  time  interval,  information  available 
to  any  user  with  a simplified  receiver  at  any  place  on  the  earth’s  surface. 
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THE  HYDROGEN  MASER 


PROGRAM  FOR  NAVSTAR  GPS 


Roger  L.  Easton 

U.  S.  Naval  Research  Laboratory,  Washington,  D.  C. 


ABSTRACT 

The  Department  of  Defense  has  assigned  to  the 
Na\ y the  task  of  providing  both  ground  and 
space  maser  for  NAVSTAR  GPS.  Two  ground  masers 
are  being  built  by  the  Smithsonian  As trophys ica 1 
Observatory  (SAO)  and  two  contractors,  RCA  and 
Hughes,  are  building  preliminary  space  models. 
SAO  has  also  succeeded  in  having  a cavity 

mase.  The  National  Bureau  of  Standards  (NBS) 
in  Boulder  is  building  a passive  maser. 
Supplementary  research  for  this  program  is  being 
conducted  at  NRL. 


INTRODUCTION 

In  1974  the  Office  of  the  Director  of  Defense  Research  and 
Engineering  of  the  Office  of  the  Secretary  of  Defense 
assigned  to  the  Navy  the  responsibility  of  providing 
hydrogen  masers  for  NAVSTAR  ground  stations  and  a space 
qualified  maser  for  NTS-3  and  future  satellites.  This 
paper  describes  the  NRL  efforts  being  made  to  respond  to 
the  NAVELEX  PME  106  assignment. 

The  reason  for  the  DDR&E  interest  in  masers  is  evident  fromi 
figure  1.  Here  it  is  seen  that  the  passive  maser  is  10 
times  more  stable  than  the  small  cesium  and  the  active 
maser  has  much  better  stability  than  the  passive. 

A word  concerning  the  status  of  hydrogen  masers.  A rough 
count  shows  that  perhaps  50  such  masers  have  been  built 
and  of  ihese  about  one  half  are  in  working  conditions.  Two 
fifths  of  the  total  number  were  built  by  Varian.  After  the 
Varian  time  and  frequency  functions  were  bought  by  Hewlett 
Packard  the  Hydrogen  Maser  portion  was  given  to  the 
Smithsonian  Astrophysics  Observatory 
Harvard  Observatory. 


(SAO)  located  at 
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Ground  Masers 


SAG  has  built  9 ground  masers  and  two  space  probes.  Two  of 
the  9 were  delivered  to  NRL.  The  one  with  which  I am 
familiar  has  worked  reliably  for  more  than  one  year. 
Initially,  it  had  problems  with  the  dissociator  and  with 
the  isolation  amplifier  but  since  these  were  fixed,  it  has 
operated  reliably  and  well. 

SAG  is  building  two  improved  models  for  the  NAVSTAR  GPS 
program.  Initially  these  units  will  be  used  to  check  out 
the  space  masers;  ultimately  it  is  planned  that  they  be 
used  at  the  master  control  station. 

Space  Masers 

Competitive  contracts  have  been  let  to  two  firms,  the 
Hughes  Research  Laboratory  in  Malibu,  CA,  and  the  RCA 
Sarnoff  Laboratory  in  Princeton,  N.  J.  These  two  firms  are 
building  advanced  development  models  of  the  physics  pack- 
ages and  experimental  development  models  of  the  electronics 
packages.  The  winner  of  the  competition  will  then  be 
determined . 

Cavities 

Gne  of  the  major  problems  in  the  space  maser  is  that  of 
making  the  unit  small.  The  unit  size  is  determined  largely 
by  the  cavity  size.  For  the  TEq]^]^  type  cavity,  almost 
universally  used,  the  size  before  loading  is  approximately 
11"  in  diameter  and  11"  long.  This  size  is  increased 
substantially  t>y  the  cavity  shell,  a pressure  vessel,  and 
numerous  magnetic  shields  and  heaters. 

Another  candidate  cavity  is  the  which  recently  has 

worked  in  an  operating  maser  at  SAG.  This  cavity  is  smaller 
in  diameter  by  a factor  of  2.1  than  the  TEqj^,  type  and 
hence  less  than  1/4  the  volume.  paper  on  this  cavity  is 
scheduled  foi  tomorrow's  program. 

The  second  method  of  making  a smal ler  cavity  is  to  load  it 
with  dielectric.  Mattison  of  SAG  and  Folen,  Schelling  and 
Lynch  of  NRL  have  worked  on  this  problem.  Both  the  TEqh 
and  cavities  have  been  solved  analytically  for  most 

purposes.  The  is  the  most  interesting  of  the  two. 

The  size  of  a TEg^j^  cavity  loaded  by  a AI2O3  is  consider- 
ably smaller  than  the  unloaded  TEm  cavity.  Figure  2 
shows  the  relative  sizes  of  these  devices. 
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While  the  loaded  smallest  of  the  three  it  does 

not  appear  possible  to  have  this  cavity  work  with  an  active 
maser.  The  losses  of  known  dielectrics  are  at  the  thresh- 
old of  oscillation  but  not  low  enough  to  provide  a reliable 
unit.  These  loaded  cavities,  then,  are  as  of  now  suitable 
only  for  use  in  passive  masers. 

Passive  Maser 

The  passive  maser  work  being  supported  by  this  program  is 
one  proposed  by  the  National  Bureau  of  Standards  at  Boulder 
Col.  This  type,  of  which  more  will  be  heard  tomorrow,  uses 
the  cavity  and  the  hydrogen  line  transition  as  a filter, 
somewhat  like  the  cesium  beam  is  used  as  a filter  in  a 
cesium  standard. 

The  passive  maser  has  an  advantage  in  size  in  that  its 
operation  is  not  critically  dependent  on  having  a specific 
value  of  cavity  Q.  The  passive  maser  can  therefore  use  the 
dielectric  loaded  cavity  and  thereby  be  made  smaller  than 
the  active  type  units. 

Maser  Problems 

So  far  we  have  considered  the  problems  of  building  masers 
and  more  especially,  small  ones.  Other  problems  exist  in 
masers.  One  is  the  problem  of  shielding  the  cavity  from 
external  magnetic  fields.  Another  is  related  to  the  dark- 
ening of  dissociator  bulbs.  A third  concerns  bulb  coatings 
All  of  these  problems  not  being  investigated  elsewhere  are 
being  looked  into  at  NRL. 

In  the  area  of  magnetic  shielding  a shield  obtained  from 
SAO  was  measured  for  shielding  at  both  high  and  low  level 
fields.  The  results  of  this  work  by  Wolf  are  shown  in 
figure  3.  With  the  shield  used  it  is  apparent  that  the 
high  leve''  magnetic  field  shielding  is  superior  to  that  at 
low  level.  Further  work,  especially  with  multiple  shields, 
will  be  performed. 

The  dissociator,  shown  in  figure  4,  has  been  a source  of 
problems  in  the  early  masers.  One  of  the  problems  has  been 
a darkening  of  the  bulb  and  a subsequent  failure  to 
produce  atomic  hydrogen.  While  these  problems  have  been 
overcome  by  the  use  of  larger  bulbs  and  better  cleaning 
techniques  they  are  still  of  interest.  Conseauently  a 
darkened  bulb  was  obtained  for  analysis  from  NASA  Goddard. 
Figure  3 shows  the  results  obtained  in  Auger  equipment  by 


Ritz,  Bermudez  and  Folen.  It  is  apparent  that  carbon  is  a 
probable  villain.  Figure  5 shows  the  atomic  fraction  of 
carbon  obtained  for  two  samples.  An  obvious  solution,  as 
brought  out  by  JPL,  is  that  a better  cleaning  method  is 
indicated. 

Another  problem  being  supported  by  non  GPS  funds  involves 
the  bulb  coatings.  These  coatings  have  been  much  maligned 
as  possible  weak  points  in  maser  design.  While  maligned, 
the  measurements  supporting  any  problem  with  bulb  coating 
are  scarce  or  non  existant.  This  program  is  intended  to 
determine  if  a problem  exists  in  the  coatings  by  measuring 
both  old  and  new  coatings  by  Auger  and  ESCA  spectroscopy 
and  Attenuated  Total  Reflection.  In  addition  the  use  of 
highly  florinated  epoxy  resins  of  the  diclycidyl  class  will 
be  evaluated. 

Summary 

In  summary  it  can  be  said  that  the  hydrogen  maser  program 
for  GPS  is  going  well,  especially  well  in  the  areas  which 
make  a small  maser  appear  especially  feasible.  The 
cavity  has  been  operated  in  an  operating  maser  by  SAG.  The 
MBS  wori-  on  the  passive  maser  looks  most  encouraging,  and 
the  SAO-NRL  work  on  dielectrically  loaded  cavities  make  a 
really  small  hydrogen  maser  conceptually  possible- 
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Figure  1 

Figure  2 
Figure  3 
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Figure  5 


Comparison  of  Stabilities  of  Three  Hydrogen  Masers  and 
One  Cesium  Beam  Tube 

Sizes  of  Three  Types  of  1420  MHz  Cavities 

Shielding  Factors  on  16.6"  Diameter  Shield  (.014" 
Molypermal loy) 

The  Hydrogen  Dissociator 

Measurements  of  Carbon  & Carbide  on  Darkened  and  Clear 
Dissociator  Glass  Samples 
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Fiqure  5 Mrasuroments  of  Carbon  & Carbide  on  Darkened 
and  Clear  Dissociator  Glass  Samples 
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Cyrus  E.  I^otts  and  Paul  E.  Pakos 

C.  S.  Coast  Guard 
W'ashiiif’ton,  I).  C. 


ABS'FRACT 


The  Cnited  States  Coast  Guard  is  in  the  process  of  expanding  Loran-C 
radio-navigation  coveraf;e  to  include  the  entire  Coastal  Confluence  Zone  (CCZ) 
of  the  United  States.  This  paper  describes  the  status  of  that  expansion  program 
and  reveals  the  plans  for  new  Loran-C  station  locations  and  associated  opera- 
tional assignments.  When  completed,  the  Loran-C  system  will  provide  single 
station  grounflwave  coverage  over  virtually  the  entire  United  States. 
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Assistant  Directf)r  for  Frequency  M;inaf>ement 
Office  of  Telecomniunication  Rolicj' 
Executive  Office  of  the  President 
W ashinf^ton,  D.  C. 


ABS1'IG\CT 

Radio  freciuency  management  in  the  I'nited  States  is  deriveci  from  the 
Communications  Act  of  l9.‘M  and  provides  a system  of  dual  management.  This 
public  law  createfi  the  Federal  Communications  Commission  (FCC),  an  inde- 
penflent  Government  agency  directly  responsible  to  the  Congress,  to  be  respon- 
sible for  regulating  non-federal  government  and  international  telecommunica- 
tions. The  FCC  assigns  radio  frequencies  to  all  public  users  including  local 
go\ernments  and  industry. 

Cndcr  the  same  public  law,  the  President  has  authority  to  assign  frequen- 
cies to  all  Federal  Government  agencies.  By  Executive  Order  that  authority  is 
delegated  to  the  Director  of  the  (tffice  of  Telecommunications  Policy,  Executive 
( tfficc  of  the  President  (OTP). 

The  Interdepartment  Radio  .Advisory  Committee  (IR.AC)  with  representa- 
tives of  ]H  Federal  agencies  advises  the  OTP  on  spectrum  management  matters. 
The  FCC  maintains  a li.aison  contact  with  the  IR.AC. 

The  Spet'trum  Management  Support  Division  of  the  Office  of  Telecommunica- 
tions, Dep.artment  of  Commerce  provides  (tTP  and  the  IR.AC  with  computer 
services  tuifl  technical  support. 

In  the  Cnited  States  frequency  management  policies  are  based  on  rules 
anri  regulations  of  the  ITF.  The  Department  of  State  is  the  link  for  international 
frequency  coordination. 


(Pttper  not  Received) 
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THE  INTERNATIONAL  tLADIO  CONSULTATIVE  COMMITTEE  (CCIR) 

ITS  ROLE,  FUNCTION  AND  INFLUENCE  ON  THE 
DISTRIBUTION  OF  TIME  AND  FREQUENCY  INFORMATION 

Hugh  S.  Fosque 

Chairman,  U.S.  CCIR  Study  Group  7 
NASA  Headquarters 
Washington,  D.C. 

ABSTRACT 

There  are  several  organizations  which  play  a role 
in  the  international  coordination  of  frequency 
and  time,  and  act  to  promote  cooperation  between 
nations  in  the  standardization  and  regulation  of 
frequency  and  time  dissemination  on  a worldwide 
basis.  Since  dissemination  methods  depend  pre- 
dominantly on  transmission  of  information  by 
radio  which  does  not  recognize  national  bound- 
aries, international  organizations  whose 
function  is  regulating  the  use  of  radio  trans- 
missions affect  the  way  in  which  time  and 
frequency  information  is  promulgated  between 
countries.  The  dominant  international  bodies 
dealing  with  radio  transmission  regulations 
are  the  International  Telecommunications  Union 
(ITU)  and  its  advisory  arm  on  technical 
matters,  the  International  Radio  Consultative 
Committee  (CCIR) . This  paper  will  describe 
how  the  worldwide  coordination  of  frequency 
and  time  is  affected  by  the  functions  of  the 
CCIR  in  its  role  of  advising  the  ITU  and  the 
extent  to  which  the  workings  of  the  CCIR 
influence  frequency  and  time  activities  on 
a national  and  international  basis. 

INTRODUCT ION 

While  not  the  only  method,  radio  transmissions  are  the 
principal  worldwide  dissemination  method  used  to  coordinate 
time  and  frequency  from  one  location  to  another.  These 
transmissions  transcend  national  borders  and  are  regulated 
for  the  common  good  of  all  nations.  Ihe  principal  organi- 
zational body  dealing  with  radio  regulations  is  the  Inter- 
national Telecommunications  Union  (ITU),  which  formulates 
and  administers  International  Radio  Regulations. 
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The  ITU  acts  on  technical  matters  principally  on  the  advice 
of  its  technical  advisor,  the  CCIR.  Member  nations  provide 
infonnation  and  advice  directly  to  the  ITU  on  non- techr i ca 1 
matters  and  occasionally  on  technical  issues  when  CCIK 
advice  to  the  ITU  is  contrary  to  the  national  interest  of 
a member  country. 

In  order  to  understand  the  influence  of  the  CCIR  on  these 
matters,  it  is  necessary  to  review  some  of  the  history, 
background,  and  influence  of  its  parent  organization,  the 
ITU. 

THE  ITU 

The  ITU  was  established  in  1885  to  provide  coordination 
between  countries  for  international  telegraph  communi- 
cation. Today,  the  organization  has  about  151  member 
countries  and  concerns  itself  with  radio  as  well  as 
telegraph  and  telephone  regulation.  The  ITU  is  affiliated 
with,  but  not  a part  of,  the  United  Nations  and  maintains 
permanent  offices  and  a staff  of  about  300  people  in 
Geneva,  Switzerland. 

The  ITU  establishes  agreements  (regulations)  at  conferences 
participated  in  by  its  member  countries.  At  about  20  year 
intervals,  a "General  World  Administrative  Radio  Con- 
ference" (GWARC)  is  convened.  At  this  meeting,  all  radio 
frequency  allocation  agreements  between  member  nations  are 
reviewed  and  updated.  At  more  frequent  intervals  (5  years 
or  so)  limited  "World  Administrative  Radio  Conferences" 
(WARC's)  are  held  which  have  authority  only  to  suballocate 
the  radio  frecjuency  spectrum  already  assigned  at  a GWARC 
to  a i^articular  service  such  as  Space,  Maritime  Mobile, 
Aeronautical,  or  perhaps  Space  Broadcasting.  The  resulting 
allocation  table  from  WARC  meetings  has  treaty  status 
between  ITU  member  nations  and  in  the  U.S.  must  be  ratified 
by  the  Senate  and  signed  by  the  President  prior  to  U.S. 
adherence  to  its  provisions. 

To  perform  its  task  of  establishing  worldwide  standards  and 
using  these  standards  to  effect  regulation  of  the  use  of 
telecommunications  between  member  nations,  the  ITU  has 
three  suborganizations  to  provide  advice,  new  regulations, 
and  information  on  current  use  of  established  telecommu- 
nication channels.  These  organizations  are  the  Inter- 
national Telephone  and  Telegraph  Consultative  Committee 
(CCITT)  , the  International  P’requency  Regulation  Board 
(IFRB),  and  the  International  Radio  Consultative  Committee 
(CCIR) . Figure  1 gives  an  organizational  chart  of  the  ITU 
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anti  indicates  the  general  functions  performed  by  each  of 
these  suborqanizations . 

THE  CCIR 

The  CCIR  provides  the  technical  advice  to  the  ITU  on  which 
the  Radio  Regulations  are  based.  It  has  permanent  offices 
and  a small  full-time  staff  located  in  Geneva.  The  CCIR 
accomplishes  its  worX  through  international  study  groups 
whose  meetings  are  usually  held  in  Geneva.  These  study 
groups  examine  all  technical  aspects  of  radio  frequency 
spectrum  allocation  and  use;  define  technical  problems 
which  exist,  or  may  arise,  through  the  use  of  the  radio 
frequency  spectrum;  and  produce  general  technical  recom- 
mendations to  the  ITU  on  how  to  allocate  and  regulate  use 
of  the  radio  frequency  spectrum. 

To  accomplish  CCIR  work,  international  study  group  meetings 
are  held.  Attendees  to  these  meetings  are  appointed  by 
member  countries.  The  chairmen  of  the  various  study  groups 
for  these  meetings  are  internationally  recognized  experts 
and  are  elected  to  their  offices  at  meetings  of  the  CCIR, 
called  Plenary  Assemblies.  At  the  Plenary  meetings,  the 
CCIR  study  groups  sit  as  a body  of  the  whole  to  ratify 
the  work  of  the  individual  study  groups  prior  to  this 
advice  being  passed  on  to  the  ITU.  The  name  and  general 
scope  of  the  activities  of  the  CCIR  study  groups  ere 
given  in  Figure  2. 

To  see  ho.;  the  CCIR  works,  refer  to  Figure  3.  Member 
countries  prepare  and  submit  draft  papers  to  the  study 
group  meetings,  these  national  proposals  are  merged  into 
studies  and  recommendations  agreed  upon  by  the  inter- 
national study  group  as  a whole,  then  papers  are  circulated 
to  the  member  nations  for  further  consideration.  After  two 
such  iterations,  the  papers  are  forwarded  to  the  Plenary 
Assembly  meeting  of  the  CCIR.  At  the  Plenary  meetings  all 
study  groups  are  represented  and  each  paper  is  examined. 
This  allows  review  of  the  impact  of  the  papers  of  one  study 
group  on  another  and  avoids  unexpected  interaction  between 
the  recommendations  of  one  study  group  on  the  work  of 
another  group.  The  coordinated  recommendations  from  the 
Plenary  meetings  of  the  CCIR  are  then  forwarded  to  the  ITU. 
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UNITED  STATES  CCIR  ACTIVITIES 


In  the  U.S.,  the  State  Department  serves  as  the  U.S.  focal 
point  for  policy  formulation  and  dissemination  of  infor- 
mation relating  to  toth  CCIR  and  ITU  and  acts  as  the  Head 
of  the  U.S.  delegation  at  CCIR  international  meetings.  The 
U.S.  has  established  a U.S.  study  group  organization  which 
parallels  the  international  study  group  structure  (see 
Figure  2) . The  chairmen  of  the  U.S.  study  groups  are 
appointed  by  and  serve  at  the  pleasure  of  the  State 
Department . 

To  accomplish  the  work  of  the  CCIR  in  the  U.S.,  an  advisory 
committee  has  been  formed  called  the  .National  Committee  of 
the  CCIR.  This  committee  is  chaired  by  a State  Department 
representative  with  membership  consisting  of  U.S.  CCIR  study 
group  chairmen,  frecjuency  managers  for  government  depart- 
ments and  agencies,  and  interested  private  organizations. 
This  advisory  group  reviews  all  U.S.  CCIR  documents  prior 
to  transmission  to  the  CCIR  for  international  consideration, 
and  coordinates  activity  among  U.S.  CCIR  groups.  Figure  4 
shows  a working  schedule  of  a typical  U.S.  study  group  in 
preparation  for  the  various  international  CCIR  meetings. 

CCIR  STUDY  GROUP  7 

The  study  group  which  influences  frequency  and  time 
activities,  both  nationally  and  internationally,  is  Study 
Group  7.  Figure  5 gives  the  terms  of  reference  of  Study 
Group  7 and  the  current  international  radio  frequency 
allocations  for  frequency  and  time  dissemination.  The 
existing  membership  of  U.S.  Study  Group  7 indicating  the 
broad  interest  in  its  activities  is  given  in  Figire  6. 

The  activities  of  U.S.  CCIR  Study  Group  7 at  this  time  are 
in  preparation  for  the  next  international  meeting  in 
January  1978.  Work  to  prepare  for  this  meeting  falls  into 
the  following  general  areas; 

1.  In  1971,  the  International  CCIR  Study  Group  7 

recommended  a new  system  of  Coordinated  Universal 
Time  (UTC)  be  adopted  and  broadcasted  by  the  time 
and  frequency  broadcast  stations.  This  system 
went  into  effect  on  January  1,  1972.  The  new 
system  makes  possible  the  broadcast  of  the  second 
as  determined  from  atomic  frequency  standards  and 
at  the  same  time  provides  information  on  the 
earth's  rotation  rate,  UT-1.  There  is  continued 
work  to  eliminate  problems  related  to  the  new  UTC 
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System.  Consideration  will  be  given  to  change 
should  serious  problems  arise. 

2.  To  preclude  misunderstandings  due  to  the  language 
used  in  CCIR  recommendations.  Study  Group  7 
currently  has  a significant  effort  underway  to 
define  certain  important  terms  in  an  unambiguous 
manner . 

3.  There  is  mutual  interference  between  standard 
frequency  and  time  broadcast  stations  on  the  2.5, 

5,  10,  and  15  MHz  frequencies.  This  problem  is 
accentuated  in  certain  areas  such  as  in  Europe, 
and  does  cause  problems  for  reception  in  other 
parts  of  the  world.  Study  Group  7 has  an  interim 
working  party  looking  into  ways  to  reduce  this 
serious  problem. 

4.  In  the  last  5 to  10  years,  considerable  effort 
has  been  made  to  characterize  frequency  and  phase 
noise  of  oscillators.  This  work  has  been  largely 
successful  and,  to  a very  great  extent,  results 

of  this  work  have  been  adopted  by  a broad  spectrum 
of  users  including  manufacturers  of  various  types 
of  oscillators.  It  is  important  for  the  future 
that  an  international  standard  for  characterizing 
frequency  and  phase  noise  be  available.  In  its 
current  activity  CCIR  Study  Group  7 is  attempting 
to  define  such  an  international  standard. 

5.  Study  Group  7 has  continuing  effort  to  study  and 
promote  regional  synchronization  techniques  such 
as  the  use  of  TV  and  other  localized  emissions. 

6.  There  is  a growing  need  for  worldwide  synchro- 
nization of  time  to  less  than  100  nanoseconds. 

The  Study  Group  is  engaged  in  defining  the 
requirements  for  and  practicality  of  providing 
operational  systems  capable  of  meeting  these 
needs.  For  example:  In  the  1971  Space  WARC, 

Study  Group  7 proposed  an  allocation  for  two  types 
of  time  synchronization  service  using  earth 
orbiting  satellites.  These  proposals  were 
successful  and  resulted  in  a standard  frequency 
and  time  service  allocation  at  400.1  MHz  for  one 
way  broadcasts  and  allocation  of  4202  and  6427 
MHz  for  a two-way  synchronization  system.  In 
view  of  the  fact  that  the  upcoming  GWARC  in  1979 
may  not  be  repeated  for  20  years  and  in 
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recoqnition  of  a need  for  future  synchronization 
service  to  the  10  to  50  picosecond  level,  U.S. 
Study  Group  7 is  preparing  a recommendation  for 
a broadband  frequency  allocation  in  the  15-30  GHz 
band  to  allow  for  future  satellite  synchronization 
systems  which  can  meet  this  need. 

CONCLUSION 

In  summary,  the  current  technology  of  time  and  frequency 
dissemination  using  radio  has  greatly  improved  our  ability 
to  transfer  the  information  from  place  to  place  as  required 
by  most  applications.  Radio  transfer  methods  have  become 
so  refined  that  it  is  now  difficult  to  find  a way  to  test 
the  accuracy  of  radio  dissemination.  Methods  which 
provided  an  alternate  check  means  a few  years  ago,  such 
as  transportable  atomic  clocks,  cannot  today  be  depended 
upon  to  test  satellite  synchronization  links  to  their  full 
capabil.  ty  if  the  points  to  be  synchronized  are  separated 
by  2000  miles  or  more,  even  when  the  clocks  are^  carried 
from  point  to  point  by  aircraft. 

The  future  use  of  radio  methods  for  time  and  frequency 
transfer  will  surely  come  into  even  greater  use  making 
the  activities  of  the  CCIR  even  more  important  to  the 
interest  of  the  time  and  frequency  technologist  and  to 
the  use  of  this  technology  for  future  system  applications. 
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THF  BURrlAU  IiITrJKI.'A'riOIIilL  DE  L'HEURi: 


Hiinmhry  H,  Snith,  Chairnian,  Directing  Board 


Differences  of  longitude  between  observatories,  hitherto  restricted  to 
rare  exercises  involving  transport  of  chronometers,  became  practicable 
in  the  mid-l6i4o's  with  the  spread  of  the  electric  telegraph  system, 
but  a new  era  of  international  co-operation  resulted  from  tlie  successful 
pioneer  experiments  early  in  1899  when  radio  signals  from  Dover, 

England,  were  received  across  the  Channel  at  Boulogne,  France.  (l)  It 
was  soon  realised  that  radio  signals  could  be  used,  not  only  for  the 
determination  of  longitude,  but  also  for  the  dissemination  of  time. 

In  September  1903  the  U.G.  I.'aAr,’-  began  short-range  low-power  transmis- 
sions from  havesink.  New  Jersey,  (2)  and  in  January  1905  inaugurated 
regular  broadcasts  at  midday.  (3l  Experimental  services  comip.enced  in 
Germany  (Norddeich)  in  1907  and  in  June  1910  details  of  a regular 
service  were  announced  ol'ficially  by  the  P.eichs-Marine-Abits . In  France 
the  Bureau  des  Longitudes  resolved  in  I908  "that  a service  of  time 
signals  be  installed  as  soon  as  possible  at  the  Eiffel  Tower  as  an 
experimental  service  for  the  determination  of  longitudes",  and  work 
started  in  January  191O.  It  was  interrupted  when  some  equipment  was  put 
out  of  action  by  the  flooding  of  the  Seine,  and  a regular  service  from 
the  new  installation  commenced  officially  on  23  May  1910  "as  much  in 
respect  of  time  as  in  the  determination  of  longitudes".  (4) 

It  is  surely  appropriate  to  commend  the  perspicacity  of  the  Bureau  des 
Longitudes  in  realizing  that  positive  action  should  be  talien  to 
rationalize  radio  time  signal  emissions  on  a world-wide  basis,  and 
to  acknowledge  their  initiative  in  arranging  a conference  in  Paris  in 
October  1912  "to  study  ways  of  effecting  practical  unification  of  time, 
and  to  prepare  a plan  for  the  organization  of  an  international  time  service 
able  to  meet  all  needs".  (5)  Sixteen  nations  were  represented,  and 
following  lengthy  discussions,  proposed  the  establishment  of  a "Commis- 
sion International  de  I'lieure"  to  secure  unification  of  radio  time 
signals;  to  ensure  the  universal  use  of  Gi-TT;  to  create  an  executive 
organization,  the  Bureau  International  de  I'Heure  (BIH)  in  Paris,  with 
the  task  of  co-ordinating  results  from  observatories  and  to  deduce  the 
most  exact  time.  Discussion  of  the  results  was  to  be  undertfiken  by  the 
Association  geodesique  internationale  at  Potsdam. 

At  a further  meeting  held  the  following  year,  (6)  formal  statutes  of  the 
organization,  renamed  the  Association  International  de  I'Heure,  were 
drawn  up,  (7)  but  were  never  ratified  owing  to  the  outbrealL  of  war  in 
Europe  in  I91U.  Despite  many  difficulties,  the  Bill  continued  to  operate, 
under  the  direction  of  B.  Baillaud,  with  the  invaluable  support  of 
General  Ferric.  In  I918  the  Royal  Society  in  London  called  an  Inter- 
Allies  Conference  of  Scientific  Academies  for  the  reconstitution  of  the 
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international  scientific  oivanizations  whici;  had  existed  i re-var.  It 
van  iTOf’Osea  to  fon-  national  coranittees  whicn  v/ould  be  federated  in  an 
international  council.  At  a further  session,  held  in  ?ar:.s  later  the 
r.ane  year,  ari  executive  coinnittee  was  fomed,  and  at  a third  session  i.n 
hru^els  in  duly  1119,  formal  statutes  were  adopted.  One  result  was 
tiie  creation  of  the  International  Astronomical  Union  (I.\U),  which 
included  in  its  32  corur.issions , number  31,  the  Comission  de  I'He'ure.  (8) 
The  orit^inal  statutes  were  caken  as  a model,  and  new  retiulations  were 
dra’.;n  up  to  bring  the  Time  Commission  and  the  3IH  under  the  auspices  of 
the  lAU.  (9)  It  was  pointed  out,  however,  that  the  1913  conference 
"included  only  15  astronomers  out  of  5^  delegates,  the  remainder  being 
a'lr.iriistrators , technicians  and  others.  Consequently  the  authority  of 
fne  Commission  is  more  limited".  Under  the  lAU,  the  field  of  activity 
was  restricted  to  astronomical  affairs,  ajid  ...  "it  is  not  in  a position 
to  give  authoritative  opinion  upon  matters  of  administrative  convenience 
of  different  Utates,  as  co  she  needs  of  seafarers  or  on  technical 
questions  of  electrical  engineering  ..."  (10).  It  was  probably  a 
remanent  effect  of  this  attitude  which  subsequently  led  such  organi zations 
as  the  International  Radio  Scientific  Union  (UR.CI)  and  the  International 
Radio  Consultative  Committee  (CCIR)  to  take  the  initiative  in  questions 
involving  radio  time  signal  em.issions. 

V.hen  B.  Baillaud  became  President  of  the  Union,  G.  Bigourdan  was 
appointed  Uirector  of  the  BIH  (l  January  1920  until  31  December  1928). 

I’roT:.  1929  to  19o5»  the  Director  of  the  Paris  Observatory  was  "ex 
officio"  Director  of  the  BIH,  and  a "Chef  des  Services”  was  appointed. 

Director  Chef  des  Services 


Jan. 

1929  - Oct.  1929 

H.  Deslandres 

A 

Lambert 

JCt. 

1929  - I9UU 

rl  Esciangon 

tt 

tl 

19'*5  - .;ept.l963 

A Dan j on 

1] 

Stoyko 

iCt  . 

1963  - Sep.  I96U 

F Denisse 

M 

It 

C*.  , 

190I  - 1965 

M ff 

B 

Guinot 

Iji  addition  to  correlating  data  on  astronomical  observations  of  time, 
and  on  radio  time  signals,  the  BIH  sponsored  an  international  longitude 
OT'cration  in  1926,  followed  Dy  a further  orograirme  seven  years  later. 

The  results  were  published:  (11)  Some  anomalous  values  were  i-evised, 
ju;d  international  co-oj:eration  was  facilitated.  In  1937  combined  BIH  data 
were  emrloycd  in  tne  determination  of  the  seasonal  fluctuation  in  the 
rotation  of  tiie  Parth;  (12)  the  fuaplitude  obtained  was  less  than  had 
been  deduced  earlier,  (13)  althou*:li  subsequent  investigations  gave  an 
even  smaller  value.  (1h)  Other  research  carried  out  at  the  BIH  was 
concerned  with  geophysical  phenomena. 

At  the  International  Telecoimr.unication  and  Radio  Conferences,  Atlantic 
City,  19^7  (15)  a series  of  frequencies  was  allocated  for  standara 


Trequency  services,  and  in  Appendix  B of  the  associated  Radio  Retpilationn 
the  International  Telecommunication  Union  (ITU)  expressed  the  opinion 
that:-  "Tne  addition  of  time  signals  superimposed  on  these  same  broad- 
casts is  tlLso  highly  useful  iind  should  be  included,  if  possible."  (l6) 

Among  the  proposals  subnittea  to  Study  Group  3 (SG3)  of  the  CCIR  for 
consideration  at  the  meeting  in  Stock.holm  in  was  a draft  recoimnenda- 

tion  imp'lementing  the  Atlantic  City  initiative,  (17)  and  incorporating 
representations  by  the  French  administration  that  "The  co-ordination  of 
time  signals  falls  within  the  competence  of  the  international  Committee  for 
Tine;  The  determination  of  Universal  Time  ...  falls  within  the  comj>etence 
of  the  International  Committee  for  Tine...  the  organization  in  charge  of 
international  co-ordination  of  sttuidard  frequency  transmissions  cjin  only 
be  the  CCIR  oi'  a spec's,!  suLcomj  ' ttee  constituted  by  the  CCII'."  ' l6) 

The  odoptei  Hecoounendation  No  13  specifically  requires  (pai"'.  1,!;) 

"that  Study  Group  iJo  7"  (which  took  over  these  '-esponsibilities  from  i.'G/'') 
"seek  the  cc-opei-at  i.oa  of  t:ie  international  Coratittee  of  Time  in  the 
provision  of  the  time  service".  ' ' 

At  th  - Royal  Greenwich  Cbservatory' , (RGC),  tile  astrcnomical  obser  ations 
of  time  had  been  corrected  for  the  effects  of  } olar-  variation  since 
lywQj  ano  j'oj-  trie  - easonal  fluctuation  since  October  ^9^9 , thus  providing 
a qua-.i-smocth  tine  system  "Provisional  Unifonn  Time"  (i’UT).  (2G)  By 
1955  trie  Blil  found  that  four  independent  systems  of  correction  had  come 
into  use  among  participating  observatories,  :md  the  resultnmt  problems 
were  •ilscussed  by  the  lA'l  in  195?>  '.21).  Following  subsequ'-nt  corres- 
pondence, £■  report  I'as  prepared  by  ;i.  Utoyko  (Chef  des  Uervices,  B.d.)  , 
in  October  1959  setting  cut  the  plans  for  the  introduction  of  UTO,  UT1  and 
UT2,  and  for  the  in.auguration  of  the  Uervice  International  Rapide  des 
Latitudes  (SIR)  to  compute  current  extrapolations  of  the  polar  motion 
to  be  used  in  the  formation  of  UTM.  Initially  the  .ilR  was  located  in 
Turin,  but  this  led  to  some  delays  and  the  work  was  undertaken  at  the 
3IH.  The  number  of  stations  furnishing  data  increased  from  U (195' ) to 
33  (I9C5).  (22) 

Another  significant  innovation  took  place  in  195‘>.  Following  develop'- 
ment  work  in  the  United  U>tates  , where  tlie  i.'ational  Bureau  of  litandards 
had  built  an  ammonia  molecular  clock  in  19^8,  (23)  and  caesium  beam 
DtfUidards  had  been  constructed,  (2b)  - in  opje  case  running  for  six 
weeks  in  195^  with  an  accuracy  of  jfl  in  1<  , I..  Essen  and  J.  Parry  at 
the  national  Physical  Laboratory  (UPL)  brou^^ht  an  atomic  st:.uidard 
into  regiular  use  in  1955-  The  caesium  transition  frequency  was 
determined  as  9 192  631  830  _+  10  in  terms  of  PUT.  (25)  The  atomic 
standard  was  then  used  for  the  calibration  of  quartz  clocks  vLiployed  in 
the  formiation  of  the  Greenwich  Atomic  Time  scale  (GA).  The  uuta  were 
also  made  available  to  the  BIH  where  A and  II  Stoyko  determined  the 
j^rogressive  retard.ation  in  the  rate  of  rotation  of  the  Earth.  (26) 

Measures  made  with  the  NPL  standard  were  then  compared  with  data  from 
the  UG  Ilaval  Observatory  over  the  period  1955  ~ 1958,  and  the  caesium 
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frequency  in  terinn  of  the  second  of  epheriieris  time  furnisned  the  now- 
familiar  fi(j;ure  of  9 192  631  110.  The  BIH  atomic  time  ;'.ca;e  A-,  wit:. 
Initial  epoch  1955,  based  on  the  results  from  three  Inde;  enuent  . tar.  nir-i, 
:iFL  (England);  Neuchatel  (tiwitzerland)  ; liBf,  (UFA)  va;-.  formed  from 
1 Januarj'  195S  (20  h I/T)  using  pha.se  coinfiarison.s  on  ’ALF  'f-nd  L!  . (p6,  .'9) 
This  continued  until  near  the  end  of  I968,  wiien  a few  : articir  ating 
establisiiments  started  regular  reception  ol‘  the  pulses  of  the  Loran-C 
navigation  system,  and  direct  time  comparison:;  becar.e  feasib;e. 

A further  significant  advance  arose  from  tne  pilot  scheme  for  interna- 
tional co-operation  which  was  inaUf^orated  betwee.n  the  UFA  and  UK  on 
1 January,'  1961*  (30)  In  this  scheme  the  radio  time  signals  followed 

the  unifon.i  rate  of  Atomic  Time,  AT,  but  since  the  scale  interval  of 
AT  had  been  chosen  to  confonii  to  that  of  K’,  it  was  necessary  to  apply 
an  extrapolated  fre-iuency  offset,  reassessed  fuinually  to  maintain 
approximate  a<*reeraent  with  Karth  rotational  time,  UT.  If  an  excessive 
departure  developed  owing  to  an  unforeseen  char.ige  ir.  the  rate  of 
rotation  of  the  Earth,  a step  a'ijustment  was  applied  to  the  radio 
signals.  The  pr’nciple  of  maintaining  a constant  rate,  witli  step 
adjustments,  had  been  in  use  in  the  UK  since  19l»b,  and  had  become  more 
effective  with  the  introduction  of  atomic  standards.  The  UUA/UK 
co-ordination  operated  through  the  informal  mutual  agreement  of  the 
observatories  concerned,  but  other  authorities  found  it  advantageous  to 
synchronize  with  the  UCA/UK  system.  Following  discussions  at  the  lAU  In 
1961  (31)  the  CCIR  recommended  in  I963  that  all  time  signal  emissions 
should  confonri  to  the  co-ordinated  system,  (now  designated  UTC),  and 
that  the  BIH  should  undertake  the  responsibility  of  promulgating  the 
frequency  offsets  (in  'units  of  50  parts  in  lO^®)  and  the  dates  and  times 
of  step  adjustments  (in  units  of  '.'.1  s).  (32)  This  action  vras  confirmed 
by  the  lAU  in  196U.  (33). 

It  is  perhaps  fitting  at  this  stage  to  : ay  tribute  to  t:ie  work  of 
'i.  Utoyko,  who  joined  the  BIH  1 November  ^92^,  :md  carried  on  the  work 
after  the  arrest  of  A.  Lfimbert  21  Au<-ust  19^3  ( lied  in  Germany  15  Au^^ust 
I9UU; . Confirmation  of  his  position  as  Chef  des  ilervices  was  granted  in 
I9U5,  and  he  served  with  distinction  In  this  capacity  for  nearly  twenty 
years.  It  was  with  a real  sense  of  personal  loss  that  we  heard  of  his 
death  on  lb  September  19T6. 

In  1965  the  Bill  was  reorganized  in  order  to  conforr;  with  the  statutes  of 
the  Federation  of  Astronomical  and  Geophysical  Services.  The  Director 
of  the  Paris  Observatory  was  no  longer  the  ex-officio  Director  of  the 
Bill,  and  B.  Guinot  became  Director  of  the  Bill.  A Directing  Board  was 
formed,  with  two  representatives  of  the  lAU,  one  each  from  the  lUGG 
and  URGI , arid  an  observer  from  CCIR:  the  Director  Bill  was  also  a 
member  ex  officio.  (3b)  In  the  past,  much  of  the  work  of  the  BIH  had 
consisted  of  publishing  extensive  tables  of  times  of  reception  of  an 
ever-increasing  number  oi  radio  time  signals.  Due  to  difficulties 
in  ensuring  prompt  receipt  of  data  from  some  observatories,  the 


definitive  results  only  became  available  many  months  in  arrear.  b'ith 
mor.l  authorities  maintaining  closer  controls  ;ind  conforming  to  the 
co-ordinatea  system,  individual  reception  times  were  now  of  less 
Interest.  'ther  changes  were  seen  to  be  advantageous,  and  the  various 
rublications  were  rationalized  mid  a mucli  accelerated  publishing 
scl.edule  was  introduced.  Operational  procedures  were  modernised,  and 
greater  use  made  of  computer  tecimiq.ues . 

ty  1966  considerable  dissatisfaction  was  being  expressed  concerning  the 
•'requency  offset,  which  caused  the  intervals  between  successive  time 
s i(.q-ial  pulses  to  depart  from  the  second;  moreover  some  world-wide 
radio  navigation  mid  communication  systems  experienced  great  practical 
:i  ffic’-Llt  ies  in  m;u:ing  simult.-ineous  adjustments  to  the  ad''pted 
f .a  ■)  icncv  offse*  . The  CCIR  set  up  an  International  V/orling  Party,  TWT’ 
tc  explort  the  possibility  of  eliminating  the  cf'set  anc  mailing 
r,r.e-i'ccond  step  adjustments  (.the  latter  generally  involved  no  physical 
rea'v  listment , but  could  be  applied  arithmetically.)  (3t)  In  viev/  of 
the  wide  repercussions  of  the  proposed  changes,  efforts  were  made  to 
: ftl.icise  the  conflicting  requirements  and  to  invite  opinions  on 
:t.-. sible  solutions  (36). 

'n  :)69  the  Loran-C  radio-navigation  chains  made  practicable  time 
comrarisons  between  observatories  on  a regular  basis  to  a hig.her 
ace  u'acy  thfin  had  been  possible  using  'fLF  and  LF  phase  measures.  The 
f ■ r Blii  scale  of  atomic  time  A3  was  succeeded  b;/  TA  (BIH),  formed 

i:.r  seven  independent  scales  of  the  Physicalisch-Technische 
■ s.  sanstalt  (PTB);  UG  llaval  Observatory,'  (USIIO)  ; TA  (F),  a mean  of  the 
.•‘.an  lar.is  at  three  French  establishments;  Royal  Greenwich  Observatory 

. ; National  Research  Council  (of  Canada)  (CRC);  US  Rational  Bureau  of 
ta.'.  in  •■■'s  (mbs);  bservatoiy  of  r.euchatel  (0!i),  al.l  being  linked  thro'ugh 
r.e  T,oran-C  network.  (37) 

A recomr.er.  ua*. ; i.r.  of  CCiR  Study  Group  7 in  19b9 , endorsed  by  the  Plenary 
Asseirbly  in  i9Y'A,  (3d)  p>roposed  the  removal  of  the  inconvenient  offset 
from  the  co-ordinated  radio  time  signals  and,  with  the  concurrence  of  the 
International  .Marine  Consultative  Organisation  (IMCO)  (36a),  to  substitute 
one-second  step  adjustments.  Details  were  specified  in  Recommendation 
517,  (39)  and  the  new  UTC  system  was  brought  into  operation  by  the  BIH 
following  ar*  initial  adjustment  on  1 Jfinuary  1972. 

In  the  process  of  introducing  new  international  units  as  the  basis  for 
measurements,  the  International  Committee  of  Weights  and  .Measures  (CIPM) 
was  concerned  by  the  unsatisfactory  situation  in  which  one  of  the  basic 
lonits,  the  second,  was  defined  as  a specified  fraction  of  a time 
interval,  the  day,  which  was  known  to  be  variable  in  length.  In  1956 
there  was  little  choice:  atomic  standards  of  frequency  (and  time 
interval)  were  rare  and  might  still  be  regarded  as  unproven;  the  only 
alternative  unit  was  the  second  of  ephemeris  time  (ET)  which,  by 


definition,  is  iuvai’Inbie.  ikO)  it  vras  soon  realised  that  the  choice 
was  ai’.  unf' r‘  anate  one,  as  ET  can  only  be  detenriined 
in  arrear,  fuul  then  only  with  insufficient  accuracy  for  most  nodern 
need.-.  By  196U  it  was  realised  that  atonic  standards  could  be  used  to 
nahe  tlie  uT  secona  accessible.  (i*l)  Because  of  its  convenience  and 
s iperior  accuracy,  the  atonic  definition  of  the  second  was  fomally 
adopted  in  1963.  (aj)  The  next  task  was  to  define  find  to  in.iintain  an 
internet ional  reference  scale  of  tine,  so  the  CII’’-'  recalled  their 
consultative  conir.ittee  (CCDB)  to  examine  the  problems  and  nake  recon- 
neridations.  The  CCDS  had  little  hesitation  in  rroposiiig  that  the  exist- 
scale  of  tue  3IH  should  be  accorded  formal  recognition,  (h3)  despite  the 
fact  that  the  BIH  is  a service  of  FAGS  (find  thus  indirectly  urider  the 
auspices  of  the  International  Council  of  Scientific  Unions  (ICSU)  whereas 
the  CUT",  is  an  inter-Governnental  organisation.  The  14th  General 
Conference  of  V, 'eights  and  Measures  endorsed  this  arrangement;  (hU)  a 
representative  of  the  CUT',  was  invited  to  assist  the  Directing  Board  of 
the  BIH,  and  a member  of  the  staff  of  the  International  Bureau  of 
Weights  and  Meas'.ures  has  been  attached  to  the  BIH  to  participate 
in  the  additional  tasks  involved.  Discussions  continue  in  the  CCIR 
concerning  the  LT’C  system  of  radio  time  signals  { particularly  on  time 
codes)  (1+5)  and  in  the  CCDG  (particularly  on  the  national  legal 
implications  of  the  use  of  Ifl’C).  (1+6)  In  addition,  these  organizations, 
together  with  the  lAU  arid  other  interested  parties,  are  concerned  with  the 
m;uiner  in  which  the  conflicting  requirements  of  stability,  and  conformity 
of  the  scale  unit  with  the  consensus  of  primary  laboratory  stanaards,  car. 
be  best  resolved. 

/unong  the  imiiortruit  advances  that  have  been  r.ade  londer  the  Direction  of 
B.  Guinot , the  first  concerns  the  international  scale  of  atomic  time,  now 
desi^yiated  by  the  language- independent  acronym  TAl.  Because  of  (a)  some 
doubt  as  to  the  strict  independence  of  the  seven  constituent  atomic 
scales,  which  vitiated  statistical  methods  for  the  combination  of  data, 
and  (b)  the  desire  to  include  information  from  the  maximuE.  number  of 
establisJiments  possessing  atomic  clocks  and  adequate  means  for  comparing 
them  internationally,  since  August  1973  pfirticinants  have  commui+icated 
data  from  individual  clocks.  An  algorithm  (1+7)  in  which  the  clocks  are 
objectively  weighted  according  to  their  recent  performance,  has  been 
devised,  wid  is  now  being  modified  to  take  account  of  the  measures  made  at 
the  three  standards  laboratories:-  I'TB;  HRC  and  HBf.  A step  adjustment  in 
frequency  (rate)  is  scheduled  for  1 January  1977,  and  a modified 
algorithm  will  seek  to  achieve  stability  of  rate  while  maintaining  the 
time  interval  of  TAl  (and  of  UTC)  in  accord  with  the  consensus  of  the 
deten-iinations  of  the  primary  laboratory  standards. 

Another  advruice  has  been  made  in  the  forr.ation  of  the  BIH  definitive 
scale  of  DTI.  /ui  improved  impersonal  method  of  weighting  the  astronomical 
observations  was  introduced  in  1971  resulting  in  a significant  eniiance- 
merit  of  accuracy.  (1*8).  In  order  to  meet  the  special  needs  of  the 
space  programme  in  the  navigation  of  deep-space  probes,  a rapid  service 


was  inaugurated;  each  collaborating  observatory,'  reduced  the  obser- 
vations quickly  and  corainunicated  the  results  to  the  BIH  by  radio  or 
Telex.  The  data  were  correlated  and  comunicated  to  the  Jet  Propulsion 
Laboratory  with  minimuEi  delay.  The  success  of  the  progranme  (which 
wai.-.  carried  out  with  financial  assistance  fron  I.'ASA) , penrltted 
trajectory  correction  manoeuvres  (reported  by  letter  Fliegel,  JPL,  to 
Guinot,  BIH,  9 April  197^)  as  follows;-  "Ilariner  10  encountered 
Mercury  within  6u  km  of  the  predicted  aiming  point,  with  the  most 
accurately  determined  orbit  achieved  so  far  ....  Improvement  in  JPL 
operations  since  the  inception  of  the  BIH  Rapid  Service  has  been 
dramatic.  Uncertainties  in  UTl  are  no  longer  considered  to  be  a 
dominant  source  of  error  in  navigation  ..." 

A notable  contribution  to  astronomical  and  geophysical  research  in 
recent  years  has  been  the  availability  in  machine-readable  form  of 
the  collated  observational  data  received  from  all  participating  organi- 
zations. It  is  unfortunate  that  this  facility  ir  not  widely  known,  and 
that  some  research  has  been  carried  out  using  unsuitable  data.  In  all 
applications  where  errors  associated  with  a particular  station  might 
be  significant,  the  BIH  data  should  be  employed.  '■'t  was  with  the  aid 
of  such  material  that  it  was  demonstrated  that  tidal  waves  and  the 
diurnal  nutation  si^rjiificantly  increased  the  scatter  of  astronomical 
observations  of  time;  the  appropriate  corrections  wer tabulated  in 
the  BIH  Annual  Report  for  1971.  (^9) 

In  1972  the  published  values  of  the  coordinates  of  the  pole  incorporated 
data  supplied  by  the  Dahlgren  Polar  Monitoring  Service  (DPMS,  of  the 
US  Haval  weapons  Laboratory,'  and  based  on  Doppler  satellite  observations. 

(50). 

The  many  developments  of  the  past  lb  years,  and  particularly  the  added 
responsibilities  of  the  BIH  for  the  reference  scale  of  atomic  time,  were 
considered  by  the  lAU  in  1976,  and  new  terms  of  reference  have  been 
recommended.  (See  Appendix  A). 

It  will  be  apparent  that  under  a succession  of  devoted  Directors  the 
BIH  has  amply  fulfilled  the  hopes  of  the  farsighted  scientists  who 
were  responsible  for  its  foundation  in  1912/1913.  The  em.ergence  of 
newer  techniques  of  radio  astronomy,  laser  tracking,  VLBI  and  Doppler 
ranging  of  artificial  satellites  confirm  the  belief  that  further 
progress  may  be  anticipated  with  confidence,  and  that  the  Bureau  is 
held  in  the  highest  esteem  and  merits  continued  support,  both 
scientific  and  financial. 


APPEIIDIX  A 


Revised  terns  of  Reference  of  BIH 

Adopted  by  lAU  General  Assembly  2 September  1976 

The  functions  of  the  BIH  shall  be 

(a)  to  establish  the  scale  of  the  International  Atomic  Time  TAI , in 
accordajice  with  the  decisions  of  the  lUth  Conference  Generale  des 
Foids  et  Mesures  and  in  conjunction  with  the  Bureau  International 
des  Poids  et  Measures ; 

(b)  to  establish,  from  all  relevant  data,  and  to  publish  the  current 
values  of  the  Universal  Time  and  of  the  angular  velocity  of  the 
Earth's  rotation  and,  in  addition,  the  operational  coordinates  of 
the  pole  used  for  this  purpose; 

(c)  to  implement  the  system  of  the  Coordinated  Universal  Time  UTC  by 
the  distribution  of  all  necessaiy  information  for  the  coordination 
of  tirae-sijjial  emissions  and  the  synchronization  of  clocks  on 

the  UTC  scale; 

(d)  to  distribute  information  important  for  scientific  users  of  time, 
and  to  supply  on  request  the  available  data  on  the  subject  of  time; 

(e)  to  perform  scientific  research  as  necessary  for  the  improvement  of 
the  service. 
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DEFINITION,  REQUIREMENT,  AND  THE  DETERMINATION 
OF  UTl  BY  THE  U.  S.  NAVAL  OBSERVATORY  (USNO) 

Dennis  D.  McCarthy 
U.  S.  Naval  Observatory 
Washington,  D.  C. 

Abstract 

Universal  Time  (UT)  is  a form  of  mean  solar  time,  the 
period  of  which  is  a fraction  of  the  rotational  period  of 
the  Earth  measured  with  respect  to  a frame  of  reference 
fixed  in  space.  The  time  scale  determined  from  astronomical 
observations  is  designated  as  UTO.  The  UTl  tine-scale  is 
obtained  by  correcting  UTO  for  the  changing  orientation  of 
the  rotational  pole  with  respect  to  the  observer.  The  epoch 
of  coordinated  Universal  Time  (UTC)  is  adjusted  occasionally 
so  that  UTC  remains  within  iO.9  second  of  UTl. 

The  UTl  time  scale  is  not  only  essential  for  timekeeping 
purposes  but  it  is  also  necessary  for  geodesy;  astronomical 
observations  of  all  kinds;  navigation  on  sea,  air,  and  in 
space;  and  astronomical  and  geophysical  research.  The  def- 
inition of  UTl  as  well  as  the  procedures  for  observing  and 
determining  this  time  scale  will  be  outlined.  It  is  impor- 
tant that  we  strive  to  obtain  the  most  accurate  determina- 
tions of  UTl  since  many  users  have  stringent  requirements 
for  precision,  accuracy,  and  consistency. 

Introduction . 


Traditionally  time  has  been  based  on  the  rotation  of  the 
Earth  with  respect  to  the  Sun.  The  present  realization  of 
this  time  scale  is  called  Universal  Time.  This  is  a form  of 
mean  solar  time,  the  period  of  which  is  a fraction  of  the 
rotational  period  of  the  Earth  with  respect  to  a frame  of 
reference  fixed  in  space.  Operationally,  Universal  Time  is 
defined  as  "12  hours  + Greenwich  Hour  Angle  of  a point  on  the 
equator  whose  right  ascension  is  given  by  R^  = ifih  38m 
45?836  + 8640184?542T^  + 0?0929Ty^  where  Ty  is  the  number  cf 
Julian  centuries  of  36525  days  of  Universal  Time  elapsed 
since  the  epoch  of  Greenwich  mean  noon  (regarded  as  12h  UT) 
on  1900  Jan.  0."  (Explanatory  Supplement,  p.  73). 

Universal  Time  is  by  definition  an  observational  time 
scale.  The  point,  R^ , referred  to  in  the  definition  is  not 
identified  with  any  physically  observable  point.  It  is  only 
a point  used  to  define  Universal  Time,  The  Greenwich  Hour 
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Angle  of  this  point  depends  on  the  orientation  of  the  Earth 
in  the  reference  frame.  Since  it  is  known  that  the  Earth 
experiences  small,  unpredictable  changes  in  its  rotational 
velocity  the  time  scale  is  necessarily  non-uniform.  The 
time  observed  at  observatory  "i"  is  referred  to  as  UTO(i) . 

This  quantity  depends  on  the  location  of  the  observer  on  the 

surface  of  the  Earth  with  respect  to  the  instantaneous  pole 
of  rotation  and  its  angular  distance  from  Greenwich  as  well 
as  the  rotational  speed  of  the  Earth. 

Since  the  rotational  pole  is  moving  with  respect  to  the 
surface  of  the  Earth  its  position  with  respect  to  the  Con- 
ventional International  Origin  (CIO)  is  determined  from  obse 
vations  in  angular  measures  in  two  coordinates  (x,y).  The 
x-axis  is  directed  along  the  meridian  of  Greenwich  while  the 

y-axis  is  directed  along  the  meridian  of  90°  west  longitude. 

The  time  scale  UTl(i)  is  obtained  from  UTO(i)  by  correcting 
for  the  effect  of  polar  motion  using  the  expression 

UTl(i)  = UTO(i)  + (x  sin  X(i)  - y cos  X (i) ) 

tan  ( i)  /15  , (1) 


where  X(i)  and  0(i)  are  the  longitude  and  latitude  of 
observatory  i. 


In  addition,  corrections  for  annual  and  semi-annual 
variations  in  the  rotational  speed  of  the  Earth  due  to 
meteorological  and  tidal  effects  may  be  applied  to  obtain 
UT2(i).  The  empirically  determined  expression  which  has 
been  in  use  as  recomjmended  by  the  Bureau  International  de 
I'Heure  (BIH)  since  March  1962  is 


UT2(i)  = UTl(i)  + 0?022  sin 

- 0?006  sin 

where  T represents  the  fraction 
observation . 


2ttT 

- 0?012 

cos 

2ttT 

(2) 

4itT 

+ 0?007 

cos 

4ttT  , 

of 

the  Besselian 

year  of 

the 

Determination  of  Universal  Time. 

In  practice  UTO(i)  is  determined  from  the  astronomical 
observations  of  the  diurnal  motion  of  stars  through  the 
intermediary  of  sidereal  time.  The  sidereal  time  at  any 
instant  at  any  location  is  defined  as  the  local  hour  angle 
of  the  equinox  at  that  instant.  Since  the  equinox  is  not 
an  observable  point,  stars  are  observed  whose  positions 
with  respect  to  the  equinox  are  well  known. 
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An  observation  of  a star  in  this  case  usually  is  the 
determination  of  the  time  of  transit  of  a star  across  the 
observer's  meridian  on  some  reference  clock.  This  observa- 
tion may  be  affected  by  accidental  and  systematic  errors  in 
the  assumed  position  of  the  star,  refraction  in  the  atmos- 
phere and  by  variations  in  the  observer's  apparent  meridian 
caused  by  lunisolar  .idal  or  other  geophysical  influences 
on  the  direction  of  the  vortical. 

Astronomical  observations  used  in  the  determination  of 
Universal  Time  are  made  by  the  U.  S.  Naval  Observatory  using 
photographic  zenith  tubes  (PZT)  located  in  Washington,  DC, 
and  Richmond,  FL.  This  instrument  has  been  described  by 
Markowitz  (I960).  Essentially,  it  is  used  to  determine  the 
clock  time  of  transit  of  selected  stars  across  the  instru- 
mental meridian. 

With  the  PZT  the  UTO  time  of  transit  of  a star  across  the 
meridian  of  the  instrument  is  computed  using  the  expres- 
sion 

Tc  = (a  + X - ST  - EQ) r , (3) 

where 

a = apparent  right  ascension  of  the  star, 

X = astronomical  longitude  of  the  instrument, 

ST  = Greenwich  mean  sidereal  time  at  Oh  UT , 

EQ  = equation  of  the  equinoxes,  and 

r = ratio  of  mean  solar  to  mean  sidereal  interval 

(0.997269566414  at  epoch  12h  UT  January  0,  1900). 

The  apparent  right  ascension  is  computed  using  a stand- 
ard method  allowing  for  the  effects  of  precession,  nuta- 
tion, stellar  and  diurnal  aberration  (Explanatory  Supple- 
ment, p.  145;  Woolard  and  Clemence,  p.  299) . The  Green- 
wich mean  sidereal  time  at  Oh  UT  is  computed  from  the  ex- 
pression 

ST  = 6h  38m  45?836  + 8640184^542  T^  + 0?0929  Tu^  (4) 

(Explanatory  Supplement,  p.  75) . The  equation  of  the  equi- 
noxes is  the  difference  between  apparent  and  mean  sidereal 
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time  and  is  computed  from  the  theory  of  nutation  (Explana- 
tory Supplement,  p.  43) . 


The  portion  of  (3)  within  the  parentheses  represents 
twelve  hours  of  mean  sidereal  time  + the  interval  in  mean 
sidereal  time  between  the  passage  of  the  star  and  the  point 
Ru  across  the  local  meridian.  This  sidereal  interval  is 
then  converted  to  a Universal  Time  interval  using  the  ratio 
of  moan  solar  to  mean  sidereal  time  interval . 

Four  exposures  of  the  star  are  made  with  the  PZT  as  the 
star  crosses  the  instrumental  meridian.  The  mean  epoch  in 
UTC  of  the  four  exposures  can  be  denoted  as  Tq . The  hour 
angle  of  the  star  at  Tq  is  found  from  the  reduction  of  the 
measurements  of  the  star's  images  on  the  photographic  plate 
and  is  designated  Hq.  The  difference  Tq  - (Tq  - Hq)  is  then 
the  quantity  UTO-UTC  as  determined  from  the  observation  of 
that  star. 

Around  40  stars  are  observed  on  each  clear  night  at  each 
of  the  two  sites  at  which  the  Naval  Observatory  has  a PZT. 
The  mean  value  of  the  individual  determinations  of  UTO  is 
accepted  as  the  observed  value  of  UTO(i)  for  that  day.  The 
value  of  UTl  obtained  using  (1)  and  polar  coordinates  pro- 
vided by  the  BIH  are  numerically  smoothed  and  combined  to 
obtain  the  final  val”  s of  Naval  Observatory  UTl  (McCarthy, 
1976) . Observations  of  UTO  are  also  sent  to  the  BIH  where 
they  are  included  in  the  international  scale  of  UTl . 

The  internal  mean  error  of  one  night's  observation  of 
UTO  is  approximately  throe  to  four  milliseconds.  There 
I seems  to  be  very  little  dependence  of  the  internal  mean 

error  on  the  number  of  stars  in  one  sight. 

The  external  mean  error  of  one  night's  PZT  observation 
may  bo  evaluated  using  the  residuals  from  a smooth  curve 
fitted  to  the  observations.  Analysis  shows  an  external  mean 
error  of  one  sight  to  be  about  five  to  seven  milliseconds. 
The  difference  between  the  internal  and  external  errors  of 
the  PZT  observations  for  one  night  lead  to  the  conclusion 
that  a systematic  error  of  about  six  milliseconds  may  be 
present  in  each  night's  PZT  observation  (McCarthy,  1974). 

The  major  sources  of  error  are  inaccuracies  in  the 
adopted  positions  and  proper  motions  of  the  observed  stars 
and  refraction  anomalies.  The  catalog  positions  and  proper 
motions  are  determined  from  the  observations  with  the  PZT 
since  no  fundamental  catalog  positions  and  proper  motions 
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of  the  required  accuracy  exist  for  the  faint  stars  which  are 
observed.  The  PZT  star  positions  and  proper  motions  are  ad- 
justed to  minimize  the  star  residuals.  The  resultant  posi- 
tions are  then  corrected  by  a constant  amount  determined 
from  the  systematic  difference  between  the  catalog  positions 
and  a catalog  of  PZT  stars  observed  with  a transit  circle 
and  referred  to  the  FK4  system  (McCarthy,  1973).  The  sys- 
tematic errors  resulting  from  the  catalog  are  probably  less 
than  three  milliseconds  which  would  indicate  that  the  sys- 
tematic errors  found  in  the  PZT  observations  are  largely  due 
to  refraction  anomalies. 

The  anomalies  in  refraction  which  influence  the  PZT 
observations  have  characteristic  periods  of  a minute  and  of 
a day.  The  short  period  anomalies  affect  the  determination 
of  time  with  a single  star  while  the  long  period  anomalies 
influence  the  night- to-night  differences.  Geophysical 
effects  that  influence  the  shape  of  the  local  geopotential 
surface  may  also  provide  a source  of  systematic  error  which, 
although  probably  very  small,  must  be  investigated.  Instru- 
mental errors  can  be  kept  minimal  with  proper  maintenance. 


Requirements  for  UTl  . 


The  time  scale  UTl  is  required  by  a 
the  orientation  of  the  Earth  with  respe 
object.  In  addition  to  astronomers  and 
geophysical  research  this  includes  the 
and  space  navigation  and  geodesy.  Requ 
users  and  to  discuss  these  needs  it  mus 
meant  by  the  terms  precision,  accuracy, 
this  context. 


11  who  need  to  know 
ct  to  some  celestial 
those  engaged  in 
fields  of  surface 
irements  vary  among 
t be  clear  what  is 
and  consistency  in 


By  precision  we  mean  that  the  individual  star  observa- 
tions made  on  one  night  agree  internally  with  each  other 
without  regard  to  any  external  system.  Precision  may  be 
estimated  from  the  internal  mean  error  of  one  night's 
determination  of  UTO.  Accuracy  refers  to  the  day-to-day 
agreement  of  the  observations  with  themselves  in  some  de- 
fined system.  This  may  be  estimated  by  the  goodness  of  the 
fit  of  the  observations  to  some  smooth  curve.  The  defined 
coordinate  system  may  be  defined  explicitly  by  the  instru- 
mental bias  (if  any) , star  catalogs,  observational  proce- 
dures and  method  of  reduction.  Consistency  refers  to  the 
ability  to  maintain  one  system  over  an  indefinite  period  of 
time.  If  changes  are  made  in  the  system,  consistency  de- 
mands that  they  can  be  well  documented  and  that  new  obser- 
vations may  be  related  to  old  ones  in  a known  way.  These 


distinctions  are  important  since  some  users  may  require 
extreme  consistency  but  may  not  be  concerned  with  the  obser- 
vational precision  while  others  may  be  interested  in  high 
accuracy  without  much  concern  for  the  history  of  past  obser- 
vations and  their  consistency. 

In  general,  precision  is  mostly  of  interest  to  those 
directly  involved  in  determining  UTl , where  measures  of  pre- 
cision are  used  to  understand  the  reliability  and  workabil- 
ity of  their  instrumentation.  Most  actual  users  are  con- 
cerned with  accuracy  and  consistency  of  the  data.  It  is 
difficult  to  state  specific  numbers  for  the  accuracy  and 
consistency  required  by  the  user  since  in  most  cases  the 
error  tolerance  in  UTl  is  part  of  an  error  budget  which  may 
contain  many  poorly  defined  errors.  Thus  some  users  may  not 
have  a specific  numerical  value  for  their  tolerance  levels. 
Apparently  their  needs  are  being  met  with  currently  avail- 
able data  since  they  have  not  shown  a more  specific  require- 
ment. Another  problem  incurred  when  requirements  are  as- 
sessed is  that  users  will  simply  say  that  what  is  required 
is  simply  the  best  that  can  be  provided.  The  most  accurate 
and  consistent  data  are,  of  course,  desired  by  all  and  there 
are  ongoing  efforts  to  improve  the  quality  of  UTl  data. 

Also,  improvements  in  the  quality  of  UTl  may  lead  to  scien- 
tific and  technological  improvement  by  the  user  which  in 
turn  may  produce  more  stringent  requirements. 

Classical  celestial  navigation  on  the  surface  or  in  the 
air  demands  a knowledge  of  UTl  with  an  accuracy  of  *0?5. 

Such  an  error  could  lead  to  a maximum  uncertainty  of  1/4 
mile  at  the  equator.  This  is  well  within  the  *2  mile  un- 
certainty in  a typical  celestial  fix  (Dunlap  i Shufeldt, 
p.  649).  Navigation  by  artificial  Earth  satellites  is 
presently  used  for  navigation  to  a much  higher  accuracy 
and  thus  requires  a more  accurate  UTl.  The  Global  Posi- 
tioning System  which  will  be  used  in  the  future  will  have 
1 ‘0f007  requirement  in  accuracy  for  UTl.  Navigation  in 
space  imposes  a requirement  of  ’0?002  in  accuracy.  This  is 
considered  by  Jet  Propulsion  Laboratory  to  be  part  of  the 
error  budget  in  the  location  of  their  monitoring  stations. 

Astro-geodetic  work  is  an  area  in  which  accuracy  is 
important,  but  consistency  is  of  greater  concern.  Users  in 
this  field  must  be  assured  that  astronomical  longitude  is 
referred  to  the  same  system  for  all  of  their  observations 
which  may  extend  for  over  50  years.  Accuracy  of  +5  milli- 
seconds may  be  tolerated  in  their  error  budget  since  the 
accuracy  of  a determination  of  longitude  is  typically  on 
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the  order  of  15  milliseconds.  However  the  consistency  of 
the  system  must  jlso  be  of  the  order  of  a few  milliseconds 
so  that  systematic  errors  are  not  introduced  in  the  network 
of  observed  astronomical  longitudes. 

Most  astronomers  can  be  satisfied  with  an  accuracy  of 
•0?1.  However,  there  are  fields  of  astronomical  research 
where  the  best  possible  accuracy  and  consistency  is  re- 
quired. These  include  classical  and  radio  astrometry, 
determination  of  astronomical  constants,  and  research  into 
the  rotation  of  the  Earth.  The  validity  of  the  research 
in  these  areas  depends  directly  on  our  ability  to  produce 
accurate  and  consistent  UTl. 

Conclusion . 


The  determination  of  UTl  tends  to  be  overlooked  in  the 
era  of  nanosecond  timing  with  clocks.  However,  it  must  be 
realized  that  there  are  many  requirements  for  the  use  of 
UTl.  The  determination  of  UTl  is  an  area  where  extreme 
care  must  be  used  to  insure  that  accuracy  and  consistency 
is  not  compromised  but  further  improved  for  future  needs. 
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HEREAE  L\  TERNATIONAL  DE  L’HEERE  (RIH) 

Marline  FEISSEL 


Bureau  International  de  EHeure 
I’aris  - France 


ABSTRACT 


The  determination  of  E'l’l-E'i'C  is  obtained  at  the  Bureau 
International  de  I'lleure  from  a world  centralization  of 
the  astronomical  measurements  made  in  (iO  stations. 

The  combination  of  the  data,  involving  analysis  and  pre- 
fiiction  of  (he  individual  behaviour  of  l!ie  stations,  is 
described.  The  stability  of  the  results  made  available 
to  different  kinds  of  users  under  various  time  delay/ 
accuracy  conditions  is  characterized. 


I.\'l  RODEC'ITON 


The  rotation  of  (he  Earth  is  computed  from  ground  optical  measurements  of 
star  <lirections.  ,\n  observation,  at  station  i,  gives  a local  value  of  the  in- 
stantaneous angular  position  of  (he  Earth:  E'rO(i)  - ETC.  ETl-ETC  is  obtained 
at  the  IHII  by  combining  the  local  ETO(i)  - E'l'C  after  they  are  corrected  for 
the  motion  of  the  pole  on  the  Earth.  In  197(i,  (>0  astronomical  instruments  are 
t ratismitting  their  observations  of  ETO  to  the  Bill. 

In  the  future,  new  methods  are  envisioned  to  measure  the  Eai-th  rotation: 

I.unar  Laser  Ranging  [ I J (operatioti  e.xijected  to  start  in  1977)  and  VLBI. 

'I'hese  methods  are  expected  to  provide  results  with  a greater  precision  and 
a bettei’  time-resolution  than  the  classical  :ist ronomical  method,  but  the 
latter  is  still  Improving,  as  sliown  by  the  following  numbers  for  19(i7  and 
197.7: 


I 


I9(i7 



1975 

1975 

19.i7 

number  of  visual  instruments 

1 

1 

.‘i-4 

:iB 

1 . OB 

number  of 

photographic  . 

inslvumcnts 

photoelectric 

IB 

24 

1 . 50 

number  of  observing  nights  per  year 

4 225 

B 2"SA 

1.48 

number  of  observet!  stars  (Jer  year 

9.2  882 

187  821 

2.  00 

.•\llan  variance  of  the  Bill  .5-day 
raw  values  (2,  T = r = 5d)  / 

(0®  P022i^ 

(0®  0011)^ 

0.  25 

The  above  first  four  lines  show  the  increasing  effort  of  the  observatories, 
which  use  photographic  or  photoelectric  instruments  rather  than  visual  ones; 
moreover,  the  number  of  observing  nights  grows  faster  than  the  number  of 
instruments,  and  the  number  of  observed  stars  grows  even  faster.  During 
the  same  time,  our  studies  of  the  individual  time  series  of  l'Tl(i)  - L TC  led 
us  to  an  imj^rovefl  prediction  of  tlieir  behaviour.  These  studies  and  their 
application  to  the  current  computations  in  order  to  get  consistent  values  of 
r'1'1  will  be  outlined.  Then  the  precision  of  the  values  of  UTl-LTC  as  pub- 
lished by  the  HIH  with  time  delays  ranging  from  one  week  to  one  jear  will  be 
estimatefi. 

OPTIM.XL  FH.TKRING  OF  TIIK  INDIVIDU.M.  TIME  SERIFS  OF  I T 

The  astronomical  mea.su rements  of  I'T  supi)ly  the  instantaneous  position  of 
the  Earth  in  its  rotation  by  linking  a network  of  stations  which  represent  the 
Earth  crust  to  a set  of  stars  which  provide  an  inertial  reference  system. 

These  measurements  may  suffer  from  the  influence  of  instrumental  errors, 
tectonic  motions,  refraction  irregularities,  star  catalog  effects,  etc.  In 
addition,  the  time  series  of  E'l  Ki),  i.  e.  , ITOti)  corrected  for  the  longitude 
effect  of  polar  motion,  have  a large  individual  annual  component  (see  Figure  1). 
On  the  other  hand,  the  RIH  has  to  publish  consi.stent  values  of  ETI  with  a time 
delay  lai’gely  .shorter  than  one  year.  We  must  then  be  able  to  predict  the 
individual  errors,  according  to  an  appropriate  modeling  of  their  statistical 
and  deterministic  features. 
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Deterinininp;  the  Powei-  Densitj'  Spectrum  of  Errors 


Assuming;  constancy  of  ei’rors,  we  analysefi  the  noise  s[)ectral  density  as  a 
function  of  the  freciuency,  S(f)  = h^^  f^‘  , for  time  intervals  longer  than  one 
year.  The  .\llan  variance  criterion  o^(n,  T = = ly)  [2]  was  used  in  order 

to  determine  o . 'I'he  deterministic  part  of  the  errors  is  represented  Ijy  a 
time  independent  term,  an  annual  term  and  a semi  annual  term.  The  study 
of  the  yearly  values  {19(')2  to  197.'i;  of  these  parameters  indicate  that  in  the 
mean  the  type  of  noise  is  significantly  different  for  the  three  components: 

- the  time  independent  term  shows  ; preponderant  flicker  noise  (q  = 
-I.O).  This  is  the  consequence  of  all  the  accidental  local  and  instrumental 
changes. 

- the  amplitude  of  the  semi  annual  term  has  white  noise  ( u = -o.  1);  it 
suffers  only  from  measurement  errors. 

- the  amplitude  of  the  annual  term  has  an  intermediate  noise  density 
spectrum  («  = -0.  (i):  it  is  also  affected  by  instrumental  errors,  but  in  a 
lesser  proportion  than  the  time  indepeiulent  term. 


Predicting  the  Systematic  Deviations 

The  monitoring  of  LTl  with  a short  time  delay,  providing  homogeneous  results 
in  spite  of  the  various  sources,  with  ii regular  data  acquisition  rates,  tlie 
starting  and  ending  of  operating  stations,  makes  it  necessary  to  predict  the 
t)ehaviour  of  each  station.  In  the  Bill  computations,  this  prediction  is  repeated 
annually. 

'I  he  optimum  filter  adapted  to  tlic  types  of  noise  of  the  three  systematic  com- 
l>onents  has  been  theoretically  derived  but  its  implementation  is  practically 
im|)ossible  on  account  of  a poor  knowledge  of  the  noise  levels  of  individual 
instruments  and  to  the  lack  of  constancy  of  tlieir  statistical  prot)erties.  In 
(JHictice,  a white  noise  prediftion,  limiting  the  past  to  four  years,  which  was 
adojjted  after  a previous  study  [ .‘1  ] , doesn't  give  rise  to  sucli  difficulties  and 
has  shown  to  be  satisfactory’.  The  individual  series  of  l'Tl(i)  are  corrected 
for  their  (jredicted  time  independent,  annual  and  semi  annual  terms  before 
being  combined  to  give  L'Tl. 
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CORRKCTIOX  OF  SlIOR'l'  TFR.M  VARIATIf>NS  AND  SMOOTHING 


Short  -Term  \':i  rial  ions 

The  astronomical  measurements  have  short-term  local  variations  due  to 
diunial  nutation  and  earth  tides:  all  known  corrections  are  api)lied  to  the 
I ri(i)  before  combination.  "J’here  are  also  some  other  variations  in  the 
Earth's  rotation  due  to  the  zonal  earth  tides;  they  are  not  corrected.  The 
components  of  period  shorter  than  one  month  are  thus  present  in  the  pub- 
lishcfl  i-aw  values  of  L'TI  (Table  (!  of  the  Bill  Annual  Reports)  but  they  vanish 
in  the  usual  smoothing;  (circular  D). 

Smoothing 

The  raw  values  of  UTl  in  Table  (iC  of  the  Bill  Annual  Report  are  freed  from 
all  known  or  estimated  systematic  variations;  they  are  the  relevant  data  for 
studies  of  the  Earth's  rotation.  .‘Xs  they  indeed  still  have  noise  spectral 
density,  an  appropriate  smoothing  will  provide  the  users  of  UTl  with  better 
current  values. 

.-\t  the  Bill,  we  use  Vondrak's  smoothing  method  [4  ],  which  is  an  e.xtension 
of  \\  hittaker-Robinson's  one  for  the  case  of  unequally  spaced  and  weighted 
data.  A parameter  t allow's  one  to  choose  the  roughness  of  the  smoothed 
cune;  the  usual  smoothing  of  the  .^-day  raw  values  of  UTl  is  made  with 
' = which  attenuates  the  amplitude  of  waves  of  different  frequencies 

accorfling  to  Figure  2.  This  filtering  is  strong  enough  to  remove  the  waves 
due  to  zonal  tides  (U'l.  7 and  27.  7 d)  and  weak  enough  to  leave  in  the  smoothing 
the  semi  annual  variation  which  is  also  present  in  the  Earth's  rotation.  The 
spectral  analysis  of  the  residuals  of  raw  data  with  respect  to  this  smoothing 
(Eigu.’c  2)  shows  the  two  zonal  tide  lines,  noise  outside  the  lines  and  a low 
fj-equency  cutoff  near  0.  02  cA\:  for  time  intervals  longer  than  appro.ximately 
.10  days,  the  time  series  of  l-day  raw  and  smoothed  values  of  UTl  are  statis- 
tically equivalent. 


PUBLICATION  OF  THE  RESULTS  - TIME  DELAY  AND  PRECISION 

The  preceding  sections  dealt  with  the  way  in  which  the  Bill  insures  the  consist- 
ency and  accu racy  of  its  results:  all  the  iniblished  values  of  UTl  are  in  the 
same  system,  which  is  linked  to  the  conventional  origin  of  longitudes.  However, 
the  various  needs  of  the  different  users  of  its  data  lead  the  Bill  to  issue  different 
publication  series,  with  different  time  delays  after  the  last  observation  date, 
which  implies  a vailing  precision  according  to  the  time  delay  of  publication. 
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To  characUTize  these  |)recisions  we  sliall  take  the  usual  Voiulrak's  smooth- 
ing (t  = 10“")  of  raw  values  of  Table  (!C  as  a reference.  The  residuals  of 
this  smoothing  since  197)  are  shown  on  Figure  11.  Over  the  time  interval 
1972.(1  - I97().  5,  their  r.  m.  s.  value  is  0?  001-1,  while  their  mean  standard 
error  is  of*  0009.  This  indicates  tliat  some  correlations  still  exist  between  the 
raw  values  independently  computed.  Astronomical  time  series  are  known  to 
have  sometimes  transient  systematic  errors  (luring  inteiwals  ranging  from  a 
few  days  to  several  months.  'I'hese  apparent  steps  can  hardly  be  corrected 
and  thus  generate  flicker  noise  in  the  global  combination  for  TTl  [ 5 ],  as 
shown  by  the  Allan  variance  (2,  T = ) > of  the  residuals  from  a strong 

smoothing  (>  = 10“''’)  for  varying  sampling  intervals  (Figure  4). 

Pui)lication  Delay:  One  V\eek 

Since  Ajiril  1971,  we  have  operated  a Rapid  Service,  under  a contract  with  the 
•let  Propulsion  Laboratory.  Our  data  are  used  for  the  navigation  of  deep  space 
probes.  1 he  calculations  for  this  weekly  service  are  made  with  the  astronom- 
ical data  transmitted  to  us  by  teletype  by  ,‘14  stations,  three  days  after  the  last 
observation  date;  HI  soviet  observatories  recently  joined  this  group.  Every 
Thursday,  14  h I'T,  we  are  able  to  teletype  smoothed  daily  values  of  L'Tl  and 
the  pole  coordinates  for  the  preceding  week.  The  r.  m.  s.  deviation  of  those 
I'Tl  \alues  (taken  every  .7  days)  from  the  usual  Vondrak's  smoothing  is  (I?n021 
(see  Figure  .‘5). 

Publication  Delay:  One  and  a Half  Months 

The  monthly  Circular  1)  is  published  at  the  beginning  of  month  m;  it  provides 
the  users  with  .j-day  smoothed  and  raw  values  of  TTl  and  the  pole  coordinates 
for  montli  m-2.  Tlie  smoothed  value.s  arc  obtained  by  the  usual  \ ondrak's 
smoothing,  with  only  verj-  few  values  available  after  the  date  of  the  last  pub- 
lished i)oint.  This  smoothing  rjiay  tlien  slightly  differ  from  the  final  one.  The 
measured  r.  m.  s.  deviation  from  \’ondrak's  usual  smoothing  is  0?  0(i()8  (see 
Figure  2). 

Publication  Delay:  One  Y'ear  - Definitive  Values 

The  Annual  Report  of  the  lUll  which  is  t)ublislied  every  year  in  June  gives  de- 
finitive values  for  the  preceding  year.  The  values  of  UTl  in  Table  (iC  are 
essentially  the  raw  values  of  the  monthly  Circular  I),  with  all  improvements 
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!Vi;uie  possil)le  by  the  passing  of  time:  individual  weighting  of  the  data  according 
to  the  actual  (and  no  longer  predicted)  dispersion,  taking  into  account  all  known 
data  amendments,  and,  more  generally,  the  correction  of  any  anomalies  in  the 
received  data,  which  can  only  be  detected  after  a while. 
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ABSTRACT 


The  NTS-1  satellite  is  currently  being  employed 
as  a precursor  to  the  phase  I concept  validation 
program  of  NAVSTAR  GPS.  The  assigned  tasks 
include  measurement  of  components  of  the  GPS 
error  budget  related  to  the  performance  of 
precise  satellite  clocks  and  orbital  accuracy 
obtainable  in  an  eight  hour  orbit. 

Station  Synchronization  results  are  presented 
using  stations  located  in  the  United  States, 
England  and  Australia.  R< suits  show  a time 
difference  noise  level  of  3 ns.  These  single 
frequency  measurements,  collected  over  the  past 
year,  have  been  processed  to  produce  station 
synchronization  values  between  cesium  clocks 
located  at  each  station.  A one  month  data  span, 
using  a zero  satellite  clock  update  time, 
produced  a noise  level  of  43  ns,  with  a 
systematic  bias  of  9 ns.  The  synchronization 
noise  level  gradually  increased  as  the  satellite 
clock  update  time  increased.  The  largest  value 
measured  is  on  the  order  of  250-500  ns,  when 
comparing  clocks  located  at  the  Australia 
station  with  clocks  located  at  the  central 
U.S.A.  station.  The  method  employed  in  precise 
station  synchronization  is  sensitive  to  two  ‘ 
components  of  satellite  position  error.  The 
results  show  that  long  term  predictions,  on 
the  order  of  2-3  months,  are  possible  with 
only  a small  increase  in  station  synchronization 
error . 

INa’RODUCTION 

The  NAVSTAR  Global  Positioning  System  (GPS)  is  a DOD 

program  (1)  designed  to  provide  precise  navigation 


to  a wide  variety  of  military  and  civil  users  via  a 
constellation  of  24  satellites  deployed  in  sub-synchro- 
nous circular  orbits  of  near  12  hr  period  (2)  . The 
Navigation  Technology  Segment  (NTS)  of  GPS  has  been  as- 
signed the  task  of  validating  key  concepts  and  hardware, 
with  special  emphasis  on  space-borne  clocks  and  atomic 
frequency  standards.  Phase  1 of  GPS  employs  time  differ- 
ence measurements  between  four  of  the  spacecraft  clocks  and 
the  user's  clock  (Fig.  1) . 

Navigation  Techno 1 ogy  Segment  (NTS)  Results 

The  NTS-1  satellite  (Fig.  2),  launched  in  1974,  has  11  on- 
board experiments.  Results  have  been  reported  (3)  on  the 
frequency  standards  performance  which  included  two  Efratom 
Atomic  Rubidium  Oscillators,  and  a Frequency  Electronics 
quartz  oscillator.  Following  this  effort,  a change  was 
made  in  the  NTS  tracking  network  to  check  the  spacecraft 
clock  performance,  orbital  accuracy  employing  only  time 
difference  measurements  and  prepare  for  the  forthcoming 
NTS-2  launch.  Previous  NTS-1  satellite  clock  comparison 
between  USNO  and  RGO  have  been  reported  (4)  employing 
doppler  observations  to  determine  the  NTS-1  satellite 
ephemer is . 

Through  the  cooperation  of  the  Royal  Greenwich  Observatory 
(RGO)  and  the  Division  of  National  Mapping  (DNM)  in 
Australia,  NTS  permanent  ground  stations  have  been 
located  at  the  respective  countries.  Inputs  to  the  NTS 
time  difference  receivers  (5)  are  obtained  from  clocks  that 
are  part  of  cesium  clock  ensembles.  These  clock  ensembles 
are  periodically  compared  with  the  USNO  UTC  time  scale  via 
portable  clocks  and  other  means.  Hence  these  stations  can 
be  used  to  assess  the  station  synchronization  accuracy. 

Other  operational  ground  stations  are  located  at  the  NRL 
annex  (Chesapeake  Bay  Division)  and  in  the  Panama  Canal 
Zone.  The  NTS  control  center  is  located  at  NRL. 

For  a one  month  system  closure  test  an  NTS  time  difference 
receiver  was  located  at  the  U.  S.  Naval  Observatory.  The 
receiver  was  driven  with  clock  inputs  from  the  USNO  Master 
Clock  «1 . The  NTS-1  measurements  are  collected  using  a 
Datapoint  2200  minicomputer;  these  measurements  are  sub- 
sequently entered  into  the  General  Electric  International 


time  sharing  system.  Time  comparisons  may  be  routinely 
calculated  through  the  use  of  a software  program  named 
"International  Time  Transfer  and  Station  Synchronization" 
(ITTAS),  developed  at  the  Naval  Research  Laboratory, 


Station  Synchronization  Equations 


EQ(1)  ( USNO-REMOTE) 


fT— ni  — fT— + — 

^ 'remote  CENTRAL  dt 

(USNO-CENTRAL)  + CAL 


(T-0) At]+ 


Equation  (1)  gives  the  start  minus  stop  value,  denoted  by 
(USNO-REMOTE),  obtained  by  combining  the  information  from 
(A)  the  ground  link  from  the  central  station  clock  to  the 
USNO  master  clock,  (B)  the  satellite  link  from  the  central 
NTS  station  to  the  NTS  satellite,  (C)  the  satellite  clock 
and  orbital  trajectory  update  of  the  NTS  satellite  to  the 
remote  station  and  (D)  the  satellite  link  to  the  remote 
station  at  the  time  of  measurement.  It  should  be  noted 
that  the  algebraic  sign  convention  for  (USNO-REMOTE) 
conforms  with  the  recommended  Naval  Observatory  procedure 
(6) . In  Eq(l)  the  (T-0)  remote  value  (3)  is  obtained  by 
combining  the  theoretical  time  difference  "T"  computed 
from  a measurement  model  (Fig.  3),  which  accounts  for  all 
known  factors  except  the  clock  offset,  with  an  observed 
value  "0"  (Fig.  4)  obtained  from  the  remote  time  difference 
receiver,  which  measures  the  time  difference  with  respect 
to  the  NTS-1  spacecraft.  A similar  procedure  is  followed 
whenever  NTS-1  is  o\^r  the  central  site  to  obtain  (T-0) 
Central.  The  term  (T-0)  denotes  the  frequency  of  the 
NTS  satellite  with  respect  to  the  central  station  clock. 

t is  the  difference  between  the  time  of  observation  for 
the  NTS-1  satellite  as  observed  from  each  station.  This 
procedure  is  illustrated  in  Fig.  5.  The  quantity 
(USNO-CENTRAL)  is  the  measured  (or  interpolated)  value  of 
the  central  station  clock  offset  with  respect  to  the  USNO 
master  clock.  The  "CAL"  value  is  obtained  by  measuring  the 
delay  through  the  antenna  and  receiver  systems.  Eg  (1) 
may  be  evaluated  at  any  time  that  an  observation  is 
available,  however  the  time  of  closest  approach  (TCA)  of 
the  satellite  is  the  preferred  time  of  observation  (Fig,  6) 
for  reasons  that  will  be  discussed  in  the  sequel.  The 
(USNO-REMOTE)  value  obtained  by  the  preceeding  technique  can 
then  be  used  to  set  a remote  clock,  calculate  an  updated 
value  of  the  remote  clock  frequency  or  incorporate  with 
other  time  difference  measurements  to  obtain  a navigation 
solution  ( 7) . 

The  (USNO-REMOTE)  value  may  then  be  combined,  to  produce  a 


value  of  (USNO-ENSEMBLE) , if  the  offset  of  the  remote  clock 
is  known  with  respect  to  the  ensemble,  using  Eq  (2). 

I-’q  (2)  (USNO-ENSEMBLE)  = ( USNO-REMOTE) +(REMOTE-ENSEMBLE) 

Through  the  use  of  Eq  (2)  for  a collection  of  measurements, 
the  variance  of  (USNO-ENSEMBLE)  may  be  calculated.  Hence 
a sigma  value  can  be  obtained  to  estimate  the  weight  to  be 
assigned  the  NTS-1  station  synchronization  values  when 
incorporating  remote  clock  ensembles  in  a master  clock 
ensemble  or  in  a time  scale. 

Time  Transfer  Geometry  at  TCA 

A typical  pass  (Fig.  4)  of  NTS-1  yields  time  difference 
measurements  with  respect  to  the  NTS-1  satellite  clock  for 
a 2.5  hour  span.  Hence  these  measurements  can  be  combined 
with  the  satellite  clock  information,  satellite  ephemeris 
and  central  station  measurements  to  yield  the  offset 
(USNO-REMOTE)  values  for  a 2.5  hour  data  span. 

Assuming  the  satellite  link  and  central  link  information  is 
available,  Eq  (1)  may  be  evaluated  for  any  of  these 
measurements  to  produce  a value  of  (USNO-REMOTE) . For  PTTI 
applications  involving  long  term  comiparisons  of  time  scales 
it  is  computatior.ally  efficient  to  produce  a single  value 
of  (USNO-REMOTE),  with  an  associated  variance,  that  is 
subsequently  processed  in  a time  scale  algorithm.  Previous 
experience  has  indicated  that  the  evaluation  of  a single 
number  for  clock  offset  at  the  time  of  closest  approach 
(TCA)  to  the  remote  station  is  a good  choice.  The  reasons 
for  choosing  TCA  are  as  follows:  (1)  uncertainties  in  the 

ionospheric  and  tropospheric  delays  are  minimum  because  the 
satellite  is  at  a maximum  elevation  angle  with  respect  to 
the  station,  (2)  the  data  is  symmetric  about  TCA,  and  (3) 
the  contribution  of  the  satellite  position  error  along  the 
satellite  velocity  vector  is  minimized  because,  at  TCA, 
the  range  rate  is  zero  (Fig.  6) . 

USNO  System  Closure  Results 

A three  week  system  closure  test  was  conducted  at  the  U.S. 
Naval  Observatory  (USNO)  commencing  on  day  89,  1976.  This 

test  is  a special  case  of  the  usual  procedure  depicted  bv 
Fig.  7.  The  normal  use  of  NTS-1  entails  use  of  the 
satellite  clock  to  transmit  a time  signal  to  a remote 
location,  thereby  requiring  a satellite  clock  and  ephemeris 
update  to  the  time  of  the  remote  observation.  For  the  USNO 
test,  a time  difference  receiver  was  physically  located  at 


USNO,  using  a 5 MHz  signal  and  a IPPS  derived  from  the  USNO 
master  clock  #1.  Because  of  the  proximity  of  USNO  to  NRL 
and  the  NRL  central  station  located  at  the  NRL  annex  (CBD), 
simultaneous  observations  were  possible  from  three 
stations.  The  use  of  simultaneous  observations  of  the 
NTS-1  signal  allowed  time  to  be  transferred  with  a zero 
satellite  clock  update  time. 

The  station  synchronization  results  of  the  three  week  USNO 
test  are  presented  in  Fig.  8,  using  the  complete  link,  with 
a value  of  zero  for  the  satellite  clock  update  time.  The 
results  show  a systematic  error  and  noise  level  of  much 
less  than  1 microsecond,  hence  an  expanded  plot  of  the 
same  results  is  presented  in  Fig.  9.  A small  systematic 
bias  of  9 nanoseconds  (ns)  with  a one  sigma  noise  level  of 
43  ns  was  measured.  In  the  plots  of  Figs.  8 and  9,  each 
point  represents  the  value  obtained  from,  one  complete  2.5 
hr  NTS-1  satellite  pass  as  observed  from  USNO  and  the 
central  NRL  CBD  site. 

These  resultant  values  are  used  in  Eq  (1)  where 
remote  = USNO  (NTS)  to  designate  the  remote  receiver 
located  at  USNO.  This  procedure  thus  allowed  a measure- 
ment of  the  NTS-1  systematic  error.  Analysis  of  Fig.  9 
shows  a systematic  signal  is  present  in  the  residuals 
hence  analysis  was  continued  to  estimate  the  random 
component  due  to  the  measurement  error.  Fig.  10  presents 
measurements  taken  with  receivers  at  USNO  and  CBD  for  a 
single  2.5  hr  pass.  The  difference  calculations  did  not 
include  an  estimate  of  the  central  station  offset  with 
respect  to  USNO,  which  was  about  6.7  usee  (Fig.  10)  at  the 
time  of  the  pass. 

The  very  small  systematic  effect  (note:  1 ft  = 1 ns) 

displayed  in  Fig.  10  is  thought  to  be  due  to  a slight 
difference  in  antenna  coordinates  for  each  receiver,  which 
would  give  a different  effect  depending  upon  pass  geometry. 
A cubic  polynomial  was  fitted  to  the  data  to  remove  the 
systematic  error  and  Fig.  11  presents  the  random  time 
difference  measurement  error  due  to  both  receivers.  A one 
sigma  value  of  5 ns  was  measured,  which  results  in  3 ns 
random  error  for  each  receiver. 

Royal  Greenwich  Observatory  (RGO)  Results 

Fig.  12  presents  the  results  from  RGO  obtained  usinq  the 
NTS-1  satellite  and  the  RGO  station  clock  designate! 

RGO  (JP) . The  data  span  is  the  same  used  for  the  "SN 
experiment.  The  measurements  in  Fig.  12  exhibit  e ‘ 
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value  of  211  ns.  A longer  time  span  (40  days)  employing 
satellite  passes  is  presented  in  Fig.  13  to  obtain  better 
statistical  significance  on  the  measurement.  The  longer 
time  span  exhibits  a systematic  effect  that  will  be  dis- 
cussed later.  Fig.  14  depicts  the  cesium  clock  ensemble 
used  to  obtain  UTC  (RGO) . Outputs  from  RGO  (JP)  are  used 
to  drive  the  NTS-1  time  difference  receiver.  Hence  the 
USNO  ensemble  can  be  compared  to  the  RGO  ensemble  via  the 
NTS-1  satellite  using  the  values  of  (RG0( JP) -UTC (RGO) ) as 
given  by  Fig.  14.  Eg  (2)  can  be  used  to  evaluate  this 
comparison  at  any  convenient  epoch.  This  was  done  for 
day  108,  1976  at  OOhr  and  yielded  a value  given  by  Eg  (3) . 

Eg  (3)  UTC(USNO  MC#l)-UTC(RGO)=-3.578uSEC(-0.0509uSEC/D) * 

(T-108) . 

The  accuracy  of  this  result  can  be  estimated  by  using 
interpolated  values  from  portable  clock  closures.  The 
first  of  two  closures  was  on  MJD42702 . 3 ( 17  Oct  1975)  with 
a value  of  -2 . 2 (^)  luSEC . The  other  closure,  given  in  USNO 
series  7,  #447,  on  MJD42965.5  (6  July  1976)  has  a value  of 
-4 . 4 ( +) luSEC . Interpolation  to  day  108,  1976  yields  a 
value  of  -3.726uSEC.  Comparison  with  the  NTS-1  determi- 
nation gives  a difference  of  -148  nanoseconds,  with 
respect  to  NTS-1. 

The  (USNO-RGO( JP) ) measurements  exhibited  a noise  level  of 
211  ns.,  which  is  considerably  larger  than  the  value 
obtained  with  zero  satellite  clock  update.  Further 
analysis  of  the  data  indicated  that  a small  eguipment 
problem  was  present  during  this  data  span  which  effectively 
increased  the  measurement  noise  from  a nominal  value  of  3 
ns  up  to  10-20  ns.  This  increase  accounts  for  only  a small 
part  of  the  211  ns.  The  additional  factors  include  the 
satellite  clock  and  ephemeris  update,  and  the  use  of  a 
single  freguency  time  difference  measurements  at  a nominal 
freguency  of  335  MHz.  Previous  analysis  (3)  indicates  that 
the  use  of  single  freguency  measurements,  which  prevent 
accurate  measurement  of  ionospheric  delay,  is  the 
dominating  factor  for  the  211  ns.  noise  level. 

The  ( RGO-RGO ( JP) ) measurements  exhibited  a one  sigma  noise 
level  of  12  ns  for  the  30  day  time  span  from  day  90  to  day 
120,  1976.  (Fig.  15)  The  (RGO-RGO( JP) ) noise  level  is 
small  as  compared  to  the  ( USNO-RGO ( JP) ) noise  level,  there- 
fore, the  approximate  value  of  the  (USNO-RGO)  one  sigma 
value  is  211  ns.  Hence  the  (USNO-RGO)  time  comparisons 
are  to  be  assigned  a weight  of  211  ns  when  incorporating 
the  individual  measurements  in  a time  scale  algorithm. 
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Australia  Division  of  National  Mapping  (DNM)  Results 


Previous  satellite  time  comparisons  between  USNO  and  DNM 
have  been  reported  (8)  employing  the  low-altitude  TIMATION- 
II  satellite.  Fig.  16  presents  a comparison  between  USNO 
and  the  DNM  clock  designated  as  AUS(205)  for  a time  span 
that  overlaps  the  three  week  span  at  USNO.  Fig.  17 
presents  a composite  plot  of  60  days  of  ( USNO- AUS ( 205) ) 
measurements.  Fig.  18  presents  a plot  of  40  days  of  data 
that  used  predicted  ephemeris  with  a more  recent  epoch. 

The  value  of  (USNO-AUS (205) ) to  be  used  for  comparison  with 
a remote  linkage  closure  to  USNO  on  day  114,  1976  is  an 
extrapolated  value  using  the  (USNO-AUS ( 205) ) measurements 
given  in  Fig.  18.  The  value  of  ( AUS ( 205) -AUS)  was  supplied 
by  the  Division  of  National  Mapping  to  be  -77.270  uSEC  for 
day  114,  1976,  Eg  (4)  gives  the  NTS-1  determination  for 
( USNO-UTC ( AUS) ) for  an  epoch  of  day  114,  1976. 

EQ  (4)  UTC(USNO  MC#1)-UTC(AUS)=-23.112USEC-(0.0717USEC/D) 

*(T-114) 

The  closure  on  day  114  gives  a value  of  -23.23  USEC.  This 
closure  was  obtained  by  several  links  to  the  DNM/NTS 
station.  Comparison  of  this  value  with  the  NTS-1  deter- 
mination yields  a difference  of  +118  ns,  with  respect  to 
NTS-1. 

A one  sigma  noise  level  of  265  ns  was  measured  for  the 
( USNO-AUS ( 205) ) during  the  40  day  span  given  in  Fig.  18. 
Significant  statistics  on  the  (AUS (205) -AUS)  noise  level 
were  not  available  hence  it  is  assumed  that  the  noise  level 
is  small  as  compared  to  the  ( USNO-AUS ( 205) ) sigma  value. 

The  approximate  (USNO-AUS)  noise  level  for  the  NTS-1  is 
265  ns. 

Ephemeris  Prediction  Results 

The  comparison  of  two  remote  time  scales  via  NTS-1  permits 
calculation  of  noise  levels  for  the  time  scale  comparisons, 
such  as  one  sigma  values  for  (USNO-RGO)  and  (USNO-AUS) . 
Analysis  of  the  complete  link  from  USNO  to  a remote  site 
permits  link  errors  to  be  estimated  assuming  that  the 
time  scales  involved  are  more  stable  than  the  satellite 
link.  The  technique  of  calculating  comparisons  at  TCA 
minimizes  the  satellite  ephemeris  contribution  along  the 
satellite  velocity  vector,  however  the  measurement  remains 
sensitive  to  the  two  remaining  components  of  ephemeris 
position.  Each  individual  residual  from  a collection  of 
time  comparisons  yields  an  error  along  the  radial  vector 


61 


D given  in  Fig.  6.  Successive  observations  for  different 
satellite  passes  occur  at  different  elevation  angles  with 
respect  to  the  station,  hence  successive  observations  span 
the  plane  perpendicular  to  the  velocity  vector  at  TCA. 
According  to  Eq  (1)  evaluated  at  the  times  of  central  and 
remote  observation,  differences  in  the  satellite  trajectoiy 
enter  in  to  ( USNO-REMOTE)  values.  Then  using  Eq  (2)  the 
measurements  may  be  referenced  to  the  difference  in  the 
stable  time  scales. 

The  satellite  ephemeris  used  to  calculate  the  ( USNO-AUS  (209) 
values  given  in  Fig.  16  was  60  days  from  epoch  (9).  The 
( USNO-AUS ( 205) ) values  given  by  Fig.  18  have  a more  recent 
epoch,  hence  the  decrease  in  one  sigma  noise  level  from 
689  ns  (Fig.  16)  to  265  ns  (Fig.  18)  can  be  attributed  to 
improved  satellite  ephemeris.  Reference  to  Fig.  17  shows 
that  combining  measurements  from  the  two  ephemerides 
results  in  a small  change  in  (USNO-AUS ( 205) ) . This  small 
difference  is  further  illustrated  by  comparing  the  values 
of  (USNO-AUS ( 205) ) calculated  from  the  measurements  given 
by  Fig.  18  and  Fig.  16  for  an  epoch  of  day  129,  1976.  A 
small  difference  of  440  ns  is  attributed  to  the  60  day 
satellite  ephemeris  update.  This  result  verifies  that 
long  term  orbital  predictions  with  small  error  are  possible 
as  indicated  by  previous  NRL  analysis  (10). 

Conclusions 


1.  The  NTS-1  Worldwide  station  synchronization  accuracy, 
using  predicted  satellite  ephemeris  calculated  using  only 
335  MHz  time  difference  observations,  is  10  ns  for  stations 
near  the  central  station  and  increases  to  about  100  ns  for 
stations  half-way  around  the  earth. 

2.  The  one  sigma  synchronization  noise  level  depends  on 
satellite  cloclc  update  time.  A one  sigma  value  of  43  ns 
was  measured  with  zero  satellite  clock  update?  the  largest 
value  measured  was  265  ns  (Fig.  19) . 

3.  Time  difference  measurements  exhibit  a one  sigma  value 
of  3 ns. 

4.  Long  term  (60  day)  satellite  ephemeris  predictions 
have  been  verified  for  two  components  of  satellite 
position. 

5.  Work  is  continuing  on  this  project  and  further  improved 
accuracy  and  precision  is  expected  to  be  obtained  with  the 
launch  of  the  NTS-2  spacecraft  (Fig.  20)  in  1977. 
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Figure  1.  Four  GPS  Satellites 


Figure  2.  Navigation  Technology  Satellite  1 (NTS-1) 


TOTAL  TIME  DELAY  At 
BETWEEN 

SATELLITE  CLOCK  AND  NAVIGATOR'S  CLOCK 


ELAPSED  TIME  DURING  SATELLITE  RftSS ► 

TIME  DIFFERENCE  MEASUREMENT  FOR  NTS-1 


Figure  3.  Time  Difference  Measurements 
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Figure  6.  Time  Transfer  Geometry  at  TCA 
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Figure  7.  Station  Synchronization  with  Zero  Clock  Update 
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Figure  8.  USNO-USNO  (NTS) 


Figure  9.  USNO-l'SNO  (NTS) 
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Figure  11.  (USNO-NRL)  Residuals 
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Figure  12.  USNO-RGO  (JP>  Day  90-112,  1976 


Figure  13.  USNO-RGO  (JP)  Day  90-130,  1976 


Figure  14.  GRO-NTS  Time  Link 
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Figure  15.  RGO  Clock  Ensemble 


Figure  18.  USNO-AUS  (205)  Day  130-170,  1976 
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ABSTRACT 


A compact  timing  receiver  which  receives  :uid  processes 
NTS  ranging  sidetones  has  been  developed.  In  its  prime 
opc'rating  mode,  the  receiver  outputs  a spacecraft- receiver 
range  measurement  in  time  units  once  each  minute.  The 
format  of  the  output  is  compatible  with  the  NTS  data  proc- 
essing system,  which  determines  the  time  difference 
between  the  user's  clock  and  a reference  clock  at  the 
Naval  Observatory. 

The  receiver,  which  o[X'rates  at  P-band  (335  MMz),  is 
designed  to  use  a minimum  of  RE  and  analog  circuitry. 

The  received  ranging  signals  are  puickly  converted  to  low- 
frequency,  digital  signals  for  processing  under  the  control 
of  an  INTEI.-BOHO  microprocessor.  Receiver  o)X’ration  is 
primarily  automatic,  requiring  only  initial  opt-rator  setup 
via  front  panel  controls. 

This  paper  describes  the  receiver  and  its  o|K>ration,  points 
out  its  advantages  to  a user  requiring  precise  time  at 
remote  sites  at  an  economical  price,  and  describes  a ty|)- 
ical  application. 


*Tlif  reteivcfs  were  loinlly  developed  with  NASA  (imdmg  by  the  Applied  Physics  Lihoiatoiy.  JMl 
and  the  Naval  Surface  Wea|x>iis  ('enter. 
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INTltODl'C'TlON 


'Hu'  NASA  Goddard  l.ascr  Hanging  Network,  which  is  presently  being  imple- 
mented, has  a world  wide  clock  synchronization  requirement  of  + one  micro- 
seeond  to  suppoi  t various  projects.  At  the  present,  the  Network  consists  of 
one  stationar}'  Laser  system  located  at  Goddard  and  three  Mobile  systems.  In 
addition,  five  more  Mobile  systems  are  being  built.  These  eight  Mobile  sys- 
tc-ms  will  be  deploj'ed,  at  various  times,  at  the  locations  indicated  on  the  map. 
(Fig.  I)  The  l.aser  systcuns  will  have  an  overall  ranging  accuracy  or  capabil- 
ity of  several  centimeters. 

Li  order  to  make  use  of  the  highly  aeeurate  ranging  data,  it  is  neeessary  to 
time  tag  tlie  data  very  aceurately.  In  applications  where  the  data  from  two  or 
mo'-’e  stations  will  be  merged  to  determine  baselines,  ixjlar  motion,  crustal 
motion,  etc. , it  is  necessary  that  the  Laser  cloeks  at  the  several  stations  be 
synchronized  to  within  + one  microsecond. 


Figure  I.  Tentative  Laser  Network 

This  requirement  arises  from  tlie  fact  that  a satellite  moving  in  a typical  low 
orbit  travels  about  0.7  cm  per  microsecond.  Thus,  if  time  is  known  to  within 
one  microsecond  the  peak  error  in  spacecraft  position  due  to  time  will  be 
0.  7 cm. 
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Goddard  |XTsonnel  have  over  Uie  years  evaluated  ;uid  used  many  techniques  of 
time  transfer  including  111',  VLF,  dual  VLF,  radio  navigation  systems,  the  use 
of  saU'llitt's  such  as  GKOS,  ATS  and  more  recently  the  Navigational  Technology 
Satellite  to  mention  a few. 

I Itecognizing,  on  a global  basis,  that  microsecond  clock  synchronization  is  not 

; practically  achievcable  by  conventional  means  such  as  Loran-C  or  extended 

[jortable  clock  trij-KS,  Goddard  concluded  that  between  now  and  the  early  I980's 
that  the  use  of  the  NTS  satellites  would  best  provide  the  global  coverage  needed 
and  the  degree  of  clock  synchronization  required.  Beyond  the  early  1980's 
NASA  ho|x.‘s  to  use  either  its  own  Tracking  Data  Uelay  Satellites  (TDKSS)  or 
the  Global  Positioning  System  to  meet  submicrosecond  needs. 

hi  1U75  NASA  initiated  the  development  of  a signal  frequency  receiver  for  use 
with  the  NTS  satellites  for  time  transfer  to  within  a microsecond.  These 
receivers  will  be  used  in  the  Laser  Ranging  Timing  Systems.  A Laser  Ranging 
'I'iming  System  is  shown  in  Figure  2 and  consists  of  a Cesium  Beam  Freriuencv 
Standard  (004  Option),  WWA’  and  LORAN-C  receivers  and  the  NTS  time  trans- 

I fer  receiver  plus  signal  distribution,  etc. 

This  [Kipt'r  describes  the  NTS  satellite  time  transfer  receiver  and  the  tecluiique 
by  which  a user  determines  his  time  with  res|)ect  to  a master  clock  such  as 
the  U.  S.  Naval  Obseiwatory. 


Figure  2.  Laser  Van 
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NTS  Satellites 


The  NTS-1  spaeecraft  is  the  third  satellite  in  a series  of  advanced  research  and 
technoloKV  satellites  built  and  oix-rated  by  the  Naval  liesearch  Lab.  Table  1 
presents  pertinent  information  of  each  spacecraft.  The  primary  objectives  of 
the  missions  are  advanced  clock  development,  satellite  navijiation  and  orbit  deter- 
mination; but  a natural  by-product  of  such  work  is  the  precise  transfer  of  time 
using  remote  receiver  sites. 

For  a precise  time  transfer  to  obtain  maximum  accuracy  the  following  parameters 
are  recjuired  to  have  minimum  uncertainity: 

1.  Itadial  Ix)cation  of  Satellite 

2.  Satellite  Clock 

3.  Ground  Station  Clock 

4.  Ground  Station  Antenna  Position 

5.  Transmission  Path 

Any  or  all  of  the  above  five  parameters  could  be  solved  for,  but  should  be 
readily  available  in  time  transfer  experiments. 


TABLE  1 


TECHNOLOGY  SATELLITES 


1 

T-I 

T-II 

T-HI 

NTS-1 

NTS -2 

LAUNCH  BATE 

5/31/67 

9/30/69 

7/14/74 

1977 

ALTITUDE  (N.  MI.) 

500 

500 

7400 

10,900 

' INCLINATION 

70° 

O 

O 

125° 

63° 

ECCENTRICITY 

0008 

002 

007 

0 

WEIGHT  (LBS) 

85 

125 

650 

950 

D.C.  POWER  (W) 

6 

18 

100 

300 

! FREQUENCIES 

UHF 

VHF/UHF 

UHF/L  BAND 

UHF/L, L-> 

1 OSCILLATOR 

QTZ 

QTZ 

QTZ/RB 

Cs 

F/F(DAY) 

ppio'3 

300 

100 

5-10 

2-5 

Figure  3 depicts  a typical  ground  station  time  transfer  configuration.  Range 
observations  are  made  at  two  or  more  Sites  by  processing  signals  transmitted 
from  the  spacecraft.  When  the  observations  arc  combined  and  the  satellite 
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Figure  3.  Time  Transfer  Configuration 


oscillator  drift  is  updated  to  allow  for  the  time  difference  of  the  observations, 
the  difference  between  the  two  ground  clocks  is  obtained. 

Data  presented  in  this  paper  was  obtained  using  the  NTS-1  spacecraft.  The 
receiver  described  will  also  operate  with  the  NTS-2  satellite  which  is  to  be 
launched  in  early  1977.  A more  detailed  explanation  of  the  time  transfer  tech- 
nique can  be  obtained  in  ref  (1). 

Time  Transfer  Receiver,  P'unctional  IX'scription 


The  purpose  of  this  receiver  is  to  determine  the  range  to  a satellite  in  terms 
of  the  time  required  for  its  transmitted  signal  to  reach  the  receiver.  This  is 
accomplished  by  the  technique  of  sidetone  ranging.  In  sidetone  ranging  phase 
comparisons  are  made  between  satellite  transmitted  tones  iind  receiver  gener- 
ated tones  of  the  same  frequency.  Both  sets  of  tones  are  derived  from  very 
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stable  frequency  sources  so  that  the  phase  differences  represent  mostly  propa- 
gation delay  with  some  error  due  to  small  frequency  drifts  in  the  sources,  ion- 
ospheric diffraction,  and  profKigation  of  the  signal  through  receiver  components. 
Propagation  delay  in  the  receiver  is  significantly  constant  for  each  tone  and  is 
calibrated  out.  The  other  errors  are  dealt  with  in  the  data  processing  performed 
external  to  the  receiver. 

There  are  three  basic  subsystems  witliin  the  receiver.  These  three  subsystems 
IX’rform  separate  but  interrelated  functions  which,  acting  togetlier,  derive  the 
ultimate  output  data.  The  functional  diagram  (Figure  4)  depicts  the  receiver 
broken  down  into  the  three  basic  subsystems.  The  major  data  path  through  the 
receiver  is  indicated  in  this  diagram  along  with  the  output  piirameters  of  each 
subsystem. 


I 


J 

) 

I 

I 

I 


Figure  4.  Rx  Functional  Diagram 


llie  radio  frequency  (RF)  subsystems's  major  function  is  to  acquire  and  lock 
onto  the  signal  transmitted  by  the  satellite  and  to  extract  a stable  intermediate 
frequency  (IF)  for  subsequent  mixing  to  the  final  output  signal. 

The  digital  subsystem  performs  two  major  functions.  One  is  to  synthesize  the 
various  sldetones  at  the  proper  time  and  in  the  same  sequence  as  the  satellite's 
transmitter.  In  order  to  do  this,  the  digital  subsystem  must  maintain  precise 


•' 
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time  correlation  with  the  ttround  station  clock.  The  synthesized  sidetones  are 
used  by  the  HF  subsystem  to  extract  an  output  signal  containing  phase  informa- 
tion, The  second  major  function  of  the  digital  subsystem  is  to  measure  the 
phase  of  this  signal  and  send  the  data  to  the  microprocessor. 

The  microprocessor  subsystem  performs  a large  number  of  functional  tasks. 

Its  major  task  is  to  accept,  analyze,  and  store  data.  Recall  that  the  receiver's 
ultimate  output  is  the  range  of  the  satellite  expressed  in  terms  of  time.  The 
microprocessor  derives  this  range  by  solving  a rather  complex  equation  involv- 
ing phase  data. 

The  microprocessor  performs  another  major  task  which  is  to  control  the  various 
modes  of  operation  of  the  receiver.  In  this  task  the  microprocessor  acts  as  a 
man-machine  interface  allowing  the  operator  to  select  and  control  several  func- 
tions and  options  including  tests  and  calibration. 

This  receiver  is  compatible  with  the  NTS  family  of  satellites.  These  satellites 
transmit  tones  once  a minute  on  both  UHF  and  L bands.  The  UHF  signals  are 
the  ones  accepted  by  this  receiver.  The  time  of  transmission  by  the  satellite 
can  be  controlled  from  the  ground,  that  is  to  say  that  the  tone  burst  may  be 
selected  to  be  transmitted  at  any  time  during  the  minute.  This  means  that  the 
receiver  must  be  initially  synchronized  to  the  time  of  transmission  of  the  satel- 
lite, hence  the  connection  to  the  station  or  master  clock. 

The  NTS  satellite's  signal  format  is  depicted  in  Figure  5.  The  receiver  syn- 
thesized tones  are  compared  to  those  of  the  satellite  to  get  phase  information. 
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Figure  5.  NTS  Signal  Patterns 
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That  data  is  used  to  derive  the  range,  which  is  then  displayed.  Phase  data  may 
also  be  displayed  at  the  option  of  the  operator. 

The  receiver  includes  several  features.  Meters  are  included  to  display  received 
signal  level  and  receiver  tracking  error.  An  alphanumeric  display  presents  data 
;uid  indicates  the  operational  mode,  data  entry,  clock  synchronization  and  other 
functions.  There  is  also  a keyboard  and  a set  of  function  switches  provided  for 
operator  interaction  with  and  control  of  the  receiver.  The  keyboard  and  display 
are  functionally  related  in  that  tlie  display  provides  a means  of  monitoring  push- 
button entries  prior  to  that  entry's  insertion  into  the  microprocessor  memory. 

This  brief  functional  description  should  provide  some  preparation  for  the  detailed 
explanations  which  follow.  Insofar  as  it  is  possible  each  functional  section  of 
the  receiver  will  be  treated  separately  for  clearer  appreciation  of  the  detail. 

HF  Subsystem 

The  RF  subsystem  was  designed  to  accept  the  UHF  transmitted  from  the  space- 
craft and  convert  the  ranging  sidetones  to  a form  suitable  for  processing  in  the 
digital  subsystem.  The  subsystem  uses  a frequency  tracking  phase  locked  loop 
to  generate  the  necessary  internal  signals  to  remove  carrier  doppler  from  the 
received  ranging  sidetones.  Signals  generated  by  the  digital  subsystem  are  then 
used  to  convert  the  received  sidetones  to  a common  30  kHz  frequency,  containing 
individual  sidetone  doppler  and  in  TTL  waveform  for  processing  by  the  digital 
subsystem. 

The  RF  subsystem  is  capiiblc  of  operating  in  either  of  two  modes:  The  normal 
"carrier"  mode  in  which  the  continuous  carrier  is  tracked  and  used  as  the 
doppler  reference;  or  in  a "reference"  mode.  In  this  mode,  whether  the  carrier 
is  present  or  not,  the  RF  subsystem  acquires  and  tracks  the  received  reference 
tone  which  is  present  only  during  the  5,  5 or  7.  5 second  tone  burst.  In  either 
of  these  modes,  the  tracking  loop  voltage  controlled  crystal  oscillator  (VCXO) 
may  be  tuned  by  either  the  digital  subsystem  or  manually  for  quick  acquisition. 

The  RF  subsystem  also  outputs  to  the  digital  subsystem: 

(1)  an  indication  that  the  tracking  loop  has  acquired  the  signal 

(2)  a short  pulse  signal  indicating  each  time  the  tracking  loop  loses  lock; 

(3)  the  tracking  loop  VCXO  frequency  for  use  by  the  VCXO  tuning  function 
within  the  digital  subsystem. 
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For  purposes  of  verifying  proper  functioning  of  the  digital  subsystem,  the  RF 
section  has  capability  for  inserting  calibration  sidetones  into  the  sidetone 
channel.  These  are  generated  from  signals  derived  from  the  digital  subsystem. 

A simplified  block  diagram  of  the  RF  subsystem  is  shown  in  Figure  6.  The 
signals  appearing  at  the  antenna  terminals  consist  of  the  carrier  at  335.355  MHz, 
a reference  tone  at  335.325  MHz  and  ten  sequentially  occurring  tones  from 
335.324900  MHz  through  328.925000  MHz.  These  signals  may  contain  doppler 
proportional  to  frequency. 


LOOP  LOCK 
INOI  CATION 

LOSS  Of  LOCK 
PULSt 


TO  DIGITAL 
softs  VSTCM 


JO  KHi  PLUS 
SlOfTONE  DOPPLER 


SVMTH  SIDETONES  (QUADI 


Figure  6.  RF  Subsystem 


RF  Section: 

In  the  RF  section,  this  band  of  frequencies  is  amplified,  passed  through 
an  image  and  interference  reject  filter,  and  converted  to  an  IF  in  which 
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the  tracked  component  frequency  and  its  doppler  are  reduced  by  about  9/10. 

This  reduction  in  doppler  comes  about  because  the  local  oscillator  for  the  first 
conversion  mixer  is  obtained  by  frequency  multiplying  the  tracking  loop  voltage 
controlled  crystal  oscillator  (VCXO)  by  9. 

IF  Section: 

In  the  IF  section,  a 9MHz  bandpass  filter  establishes  the  IF  bandwidth,  and  AGC 
is  applied  to  the  composite  signals.  The  IP’  outputs  the  full  band  of  frequencies 
to  lx)th  the  tracking  loop  and  the  sidetone  mixer. 

Tracking  Loop: 

Two  functions  are  performed  by  the  Tracking  Loop.  The  first  is  to  provide  a 
coherent  frequency  reference  for  use  as  a local  oscillator  by  the  RP'  and  the 
Sidetone  Mixer  and  Selector  sections.  The  second  is  to  provide  a dc  voltage 
proportional  to  received  signal  level  which  can  be  used  as  a source  of  automatic 
gain  control  voltage  for  the  IF  section. 

The  Tracking  Loop  is  configured  to  track  either  the  carrier  or  the  reference 
frequency  by  selection  of  one  of  two  narrow  passband  predetection  filters. 

The  tracked  component  is  then  downconverted  a second  time,  amplified  and 
applied  to  the  loop  phase  detector  whose  output  controls  the  VCXO.  The  VCXO 
output  is  used  directly  as  the  local  oscillator  for  the  second  conversion. 

Since  the  phase  detector  is  referenced  by  signals  generated  by,  and  which  are 
coherent  with,  digital  subsystem  timing,  all  doppler  is  removed  from  the 
tracked  component  at  the  second  downcon version  mixer.  The  proper  phase 
detector  reference  frequency  is  automatically  selected  when  the  predetection 
filter  is  selected. 

The  VCXO  is  then  output  directly  for  use  as  a frequency  reference  by  the  Side- 
tone  Mixer  and  Selector  Section.  Additionally,  a sample  of  the  VCXO  frequency 
is  output  to  the  digital  subsystem. 

The  Tracking  Loop  circuitry  also  contains  a coherent  amplitude  detector  which 
generates  a low  level  unfiltered  dc  voltage  proportional  to  the  amplitude  of  the 
tracked  signal.  This  voltage  is  output  to  the  Coherent  AGC  Section. 


it 
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Automatic  Gain  Control: 


1 he  output  of  a coherent  amplitude  detector  in  the  tracking  loop  is  routed  to  the 
Coherent  Atk.’  section  where  it  is  filtered  and  amplified.  When  the  loop  is  track- 
ing (or  "locked''),  the  AGC  circuit  estahlishes  a control  voltage  proportional  to 
received  |)ower  of  the  tracked  frequency.  This  voltage  is  used  to  control  the  gain 
of  the  IF  AGC  amplifier.  When  the  loop  is  not  locked,  the  gain  of  the  IF  amplifier 
is  limited  to  that  corres[X)nding  to  the  weakest  expected  received  signal  level. 

The  AGC  section  also  generates  a loop  lock  signal  which  is  sent  to  the  digital 
subsystem  and  a front  panel  light  which  is  lit  continuously  when  the  loop  is 
tracking.  This  section  also  generates  a short  TTL  pulse  when  the  loop  loses 
lock.  This  pulse  is  also  output  to  the  digital  subsystem. 

Sidetone  Mixer  and  Selector: 

The  IF  output  is  routed  to  the  Sidetone  Mixer  which  uses  the  tracking  loop  VCXO 
frequency  as  its  reference.  The  output  of  the  Sidetone  Mixer  consists  of  com- 
ponents corresponding  to  and  bearing  the  doppler  and  phase  information  contained 
in  the  received  reference  and  ranging  sidetones.  It  should  be  noted  that  the 
doppler  remaining  on  the  sequentially  received  sidetones  is  proportional  to  the 
difference  between  the  transmitted  sidetone  frequency  and  the  ‘ransmitted  fre- 
quency of  the  component  tracked  by  the  loop.  This  is  because  the  HF  portion 
of  the  doppler  (or  "carrier  doppler")  has  been  removed  in  the  coherent  down- 
conversion  proc'esses.  A switch  selects  either  the  sidetones  from  the  receiver 
or  calibration  sidetones  derived  from  the  digital  suljsystem.  The  selected  side- 
tones  are  distributed  to  the  sidetone  extractor  and  filter  section. 

Sidetone  Kxtractor: 

The  sifietones  output  sequentially  by  the  Sidetone  Mixer  and  Switch  are  routed 
to  the  Sidetone  Extractor  and  Filter  where  they  are  converted  to  a common 
30  kHz  frequency.  This  is  accomplished  by  a combination  of  double  sideband 
and  single  sideband  mixing  processes  using  synthesized  sidetones  from  the 
digital  subsystem.  The  synthesized  sidetones,  which  are  coherent  with  digital 
subsystem  timing  and  therefore  contain  no  doppler,  are  switched  sequentially 
with  the  received  sidetones.  Thus  the  output  frequency  is  offset  from  the 
nominal  30  kHz  by  the  doppler  associated  with  the  received  sidetones.  The 
phase  of  the  output  is  directly  related  to  the  phase  of  the  received  sidetone. 

The  30  kHz  sinusoidal  signal  is  converted  to  TTL  and  output  to  the  ditital  sub- 
system as  the  primary  output  of  the  HF  subsystem. 
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SidetxDne  Calibrator: 


The  Sidetone  Calibrator  provides  a means  of  supplying  calibration  tones  to  the 
digital  subsystem.  This  section  generates  a burst  of  tones  similar  to  the 
received  burst  but  which  are  controlled  in  phase  since  they  are  derived  from  the 
digital  subsystem. 


Detailed  Processor  Description 


The  following  description  will  refer  to  the  processor  functional  block  diagram  in 
Figure  7.  In  the  diagram  the  microcomputer  is  shown  as  one  block  and  is 
connected  by  inputs  and  outputs  to  various  digital  subsections.  The  microcom- 
puter controls  these  subsections  which  interface  the  processor  to  the  RF  sub- 
system, station  clock,  and  operator. 
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Figure  7.  Processor 
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Phaso  Measurement 


Ihe  signal  input  to  the  processor  from  the  UK  subsystem  is  at  30  KHz  and  con- 
tains the  doppler  of  the  sidetones.  The  phase  of  this  signal  is  measured  by  a 
time-interval  counter  at  the  command  of  the  microcomputer.  The  data  upon 
conclusion  of  the  measurement  is  available  at  a microcomputer  input. 

VeXO  Control 

The  microcomputer  has  the  capability  of  controlling  the  VCXO  frequency  through 
the  use  of  a VCXO  frequency  measurement  counter  and  a digital  to  analog  con- 
verter. Upx>n  command  of  the  microcomputer,  the  VCXO  frequency  measure- 
ment counter  counts  the  number  of  VCXO  cycles  which  occur  in  one  second. 

This  VCXO  frequency  data  is  made  available  to  the  microcomputer  at  an  input 
after  the  one  second  measurement.  The  analog  output  of  the  D/A  converter  is 
continually  summed  with  the  VCXO  control  voltage.  The  digital  input  to  the 
D/A  is  controlled  by  an  output  which  remains  constant  until  changed  by  the 
m i c r oc  om  pute  r . 

Sidetone  Synthesizer  and  Sidetone  Control 

The  sidetone  synthesizer  derives  from  the  station  5 MHz  source  all  the  necessary 
mixing  signals  required  by  the  RF  subsystem  to  mix  out  the  desired  signal.  The 
30  KHz  and  60  KHz  signals  arc  available  to  the  RF  subsystem  continually  for 
IF  mixing.  The  synthesized  sidetones  are  continuously  fed  into  a sidetone  con- 
trol circuit  which  selects  and  sequences  the  tones  at  the  command  of  the  micro- 
computer. The  sequence  first  provides  a d.c.  level  for  a half  second  then  ten 
tones  ranging  from  IOC  Hz  to  6.4  MHz  for  a half  second  each.  The  selected 
tone  is  provided  to  the  RF  subsystem  in  quadrature  for  the  lower  four  tones  and 
in  duplicate  for  the  upper  six  tones.  When  the  sequence  is  complete,  a d.c. 
level  is  maintained  at  the  sidetone  output  to  the  RF  subsystem.  The  tone  burst 
indication  output  lights  a front  panel  LED  during  the  sidetone  sequence.  The 
high  or  low  sidetone  output  is  provided  to  indicate  to  the  RF  subsystem  when 
the  low  four  sidetones  are  sequenced. 

Clock 

The  clock  derives  seconds  and  milliseconds  data  from  the  station  5 MHz  source. 
An  external  reset  provides  the  capability  of  synchronizing  the  receiver  1 pps  to 
the  station  source  1 pulse  per  second  (1  pps)  to  within  an  accuracy  of  200  nano- 
seconds. The  milliseconds  data  is  fed  into  an  input  and  the  1 pps  into  an  inter- 
rupt of  the  microcomputer. 


Molif  St'U-ct,  Loop  Lock,  and  Loss  of  Lock 


'Ihc  mode  select  output  is  an  indication  to  the  HF  subsystem  and  front  panel 
l.KI)  as  to  whether  the  cariaer  or  reference  only  mode  of  the  receiver  has  been 
selected.  The  loop  lock  indication  is  ;in  input  from  the  HF  subsystem  and  is 
active  whenever  the  receiver  is  locked  on  a sij^al.  The  loss  of  lock  is  another 
input  from  the  ItF  subsystem  that  provides  a pulse  whenever  the  receiver  loses 
lock. 

Keyboard/Display,  and  External  Output 

A sixteen  button  hexidecimal  keyboai'd  is  provided  for  inputting  data  to  the 
mieroeomputer.  A four  button  keyboard  provides  tiie  additional  input  functions 
"interrupt",  "clear",  "enter",  and  "continue".  A thirty-two  character  alpha- 
numeric gas  discharge  display  is  provided  to  output  data  and  messages  to  the 
ojx'rator  from  the  microcomputer.  The  external  output  duplicates  all  data  and 
messages  that  appear  on  the  display  and  is  intended  to  be  used  in  interfacing  the 
receiver  with  tin  external  device. 

Phase  Determination 

The  receiver's  primary  mode  of  operation  for  processing  data  is  in  tlie  reference 
mode  using  automatic  acquisition.  This  is  the  mode  in  which  the  data  processing- 
will  be  described.  First  the  microcomputt'r  waits  until  the  time  at  which  the 
tones  are  transmitted.  \\  hile  waiting  it  holds  the  \X'XO  at  the  desired  initial  ac- 
(juisition  fre()Uency  previously  entered.  When  the  tone  transmission  occurs,  the 
\’CXO  D/A  output  is  left  at  its  last  value  and  the  synthesized  tone  burst  sequence 
is  initiated  in  the  receiver,  llie  microprocessor  begins  to  sample  the  phase  of 
the  first  tone  through  the  phase  measurement  circuit.  For  each  tone  81  samples 
of  [iliase  are  taken  at  a 200  Hz  rate,  and  a linear  least  squares  fit  is  made  to 
these  iK)ints.  In  this  fit  the  following  equation  is  realized. 

0 - M t 4 B (1) 

i It  1 

where  is  the  phase  of  the  ith  sidetone,  Mj  is  the  phase  rate  of  the  ith  side- 
tone,  Bj  is  the  phase  of  the  ith  sidetone  at  the  time  its  sampling  was  begun, 
and  tj  is  the  time  of  the  phase  relative  to  when  the  sampling  was  Ijegun.  'Hme 
is  normalized  to  one  unit  equals  5 msec  for  simplicity.  In  equation  (I)  the 
values  of  M^and  Bj  are  calculated  from  the  least  squares  approximation  as 
follows: 


M 


S0S4  - Si  S3 


B = 


^2^3  - S1S4 
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where, 


Sq  = number  of  samples  = 81 

S|  - sum  of  the  times  for  each  sample 
^ 0 + 1 + 2 + 3 + . . . 4 80 
= 3240 

St  - sum  of  the^time^  squared  for^each  sample 
‘ = 0“  4 1“  4 2“  4 3“  + . . . 4 80" 

= 173,880 

S3  sum  of  the  phases  including  integer 

wavelengths  as  measured  from  the  time  of  the  first  sample 

S^  = sum  of  the  phases  multiplied  by  the  sample  times 

Substituting  for  the  constants  that  result  from  fixing  the  number  of  samples 
gives. 


M = , 00002258  S^  - . 0000033  S3  (2) 

H = . 0484  S3  - . 0009033  S4  (3) 

The  values  of  S3  and  S4  are  accumulated  during  tlie  sampling  of  each  tone,  and 
Hj  is  calculated  and  saved  for  each  tone.  Since  Mj  is  the  phase  rate'  of  each 
tone  due  to  doppler,  if  the  doppler  is  assumed  to  be  constant  throughout  the 
tone  burst  sequence,  then  all  of  the  tone  phase  rates  are  equal  to  the  phase 
rate  of  the  highest  tone  multiplied  by  a consUmt  as  follows. 


Mi=K.M,o  (4) 

where  Kj  is  a constant  unique  for  each  tone,  and  M jq  is  tlie  phase  rate  of  the 
6.4  Mllz  tone.  M |q  is  calculated  and  saved  for  the  6.4  MIIz  tone. 

In  determining  range  the  phase  of  each  sidetone  is  projected  to  the  point  in  time 
that  the  range  is  desired.  Kquations  (1)  and  (4)  may  lx.'  combined  to  give. 


</>i  = KiMjot.  4 Hi  (5) 

71ie  0j  in  equation  (5)  must  be  corrected  for  pro|>agation  delay  through  the 
receiver  so  an  error  term  is  added  giving. 
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where  0|,-^  is  the  calibration  error.  Equation  (G)  is  used  to  determine  the 
phase  of  each  sidetone  at  the  end  of  the  tone  burst,  and  these  in  turn  are  used 
to  determine  a range. 


Range  ’’'etermination 


The  phase  differences  detc'rmined  represent  propagation  delay  and  clock  error 
between  the  satcdlite  clock  and  the  receiver  clock.  These  phases  are  interpreted 
in  terms  of  observed  range  to  the  satellite  in  milliseconds.  The  phases  of  the 
lower  tones  are  used  to  get  a rough  range  and  those  of  the  higher  tones  are  used 
to  resolve  range  to  nanosecond  accuracy.  In  resolving  range  equation  (7)  is 
used: 


where. 


0.  + INTEGER  IR  , f.  + 5 - 0.1 
1 1-1  1 1 


(7) 


0j  is  the  phase  of  the  ith  tone 
f|  is  the  frequency  of  the  ith  tone 
Iti  is  the  range  in  seconds  whose  accuracy  is  based 
on  the  phase  of  the  ith  tone. 


The  phases  of  each  tone  are  determined  to  an  accuracy  of  1%,  and  the  accuracy 
of  a range  based  on  the  phase  of  a tone  is  1%  of  the  tone's  period.  The  accuracy 
of  the  final  range  is  1%  of  the  6.4  MHz  tone  period  or  1. 56  nsec.  After  the 
range  is  calculated,  the  phase  of  each  tone  may  be  displayed  as  well  as  range 
if  the  operator  desires.  Upon  conclusion  of  display  of  the  phases,  real  time  and 
the  last  range  are  continually  displayed  until  the  next  sequence  of  data  is 
processed. 


0|>eration 


The  receiver  is  shown  in  Eigure  H.  Inputs  required  are  1 pps  and  5 MHz  from 
the  station  clock.  The  receiver's  final  output  is  obsei-ved  range  to  the  satellite 
in  milliseconds.  This  data  is  displayed  on  the  front  panel  and  also  appears  at 
an  external  output  which  may  be  interfaced  with  a teletype,  minicomputer,  or 
data  recording  device. 

When  the  receiver  is  initialized,  the  operator  first  synchr0ni7.es  the  receiver 
clock  with  the  station  clock,  enters  a predicted  saUdlite  frequency  which  is 
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maintained  Ijy  the  mieroeomputer,  and  then  waits  lor  ac|uisition  of  the  satel- 
lite. During  the  tone  burst  if  there  is  an  affirmative  loek  indieation,  the 
\'C'X()  fre((Ueney  is  measured  and  replaees  the  initial  fref|ueney  input  liy  the 
oix  rator.  The  VC'XO  is  held  to  this  fre<iueney  by  mieroeompuU'r  eonlrol 
luitil  time  foi'  the  next  l)urst  of  data.  Again  u|X)ii  loek  of  tlu-  signal  a new 
fri‘quency  is  measui’ed,  and  the  se<|Uenee  eontinues  enabling  the  receiver  to 
traek  tlie  satidlite  throughout  its  doppler  range.  The  miei-(X'om[)uter  eontin- 
ues the  setjuenee  of  Uiking  data  until  interrupted  by  ttu-  o|X'ratoi'. 

I'ield  lest 

1 he  ret  eiver  shown  in  I'igure  (8)  was  taken  to  a NASA  traeking  station  at 
Kosrmui,  N.  ('.  A time  transfer  was  (X'ld'ormed  as  sliown  in  I'igure  9.  Time 
at  Hosman  was  eompared  to  that  at  an  Nitl,  traeking  station  at  Chesa\x‘ake 
Beach,  Md.  Time  at  the  NIU,  site  was  known  relative  to  I'SNO  time  Ipv  [torta- 
tjle  clock  measurements.  In  [X'rfoi-ming  a time  tiauisfeiy  a range  obseiwatioTi 
is  made  at  Itosman  and  at  Chesaix’ake  Beach.  The  ol)sei’vation  at  Hosman  is 
corrected  for  oscillator  drift  in  tlie  satellite’  chx-k  dui'ing  the  time  between 
th(' two measui-ements.  'I'tie  ol)sei"vation  at  Cheaseaixxike  Beaeh  is  correeU'd 
Uj  rSNO  time  and  the  diffeience  is  Uiken  between  tlie  two  stations. 
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MICROSECONDS 
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Ki^jiiro  10  anri  I’i^ure  11  show  one  particular  satellite  pass  with  observations 
made  at  llosman  and  fhesaijeake  Heaeh  during  thc“  test.  The  data  used  in  the 
tin^e  transfer  are  taken  at  the  time  of  closest  approach  and  are  pointc-d  out 
with  arrows.  Twelve  such  passes  were  Uiken  and  each  time  transfer  is  plotted 
in  Figure  12.  The  noise  in  the  data  has  a ItMS  of  80  nsec.  A ixirtable  clock 
measurement  was  made  before  and  after  the  field  test.  These  [xjints  are 
plotted  and  a line  drawn  between  the  two  falls  very  close  to  the  time  transfer 
datxx.  The  conclusion  of  tlie  test  was  a time  transfer  accuracy  better  than 
100  nsec. 
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Figure  12.  Time  Transfei’  i’lot 


Heferenee: 

1.  NHl.  Kei»rt  770.1,  April  IK,  1971  "International  Time  Transfer  Hetween 
rSNO  and  lUK)  via  TIMATION  2 Satellite";  K.  Fasten,  I).  Tyneh,  ,1. 
Huisson  and  T.  McCaskill. 
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A TIME  CODE  FROM  NOAA ' S GEOSTATIONARY  OPERATIONAL 
ENVIRONMENTAL  SATELLITES 

D.  W.  Hanson,  J.  V.  Cateora,  and  D.  D.  Davis  National  Bureau  of 
Standards,  Boulder,  Colorado 


ABSTRACT 


In  support  of  the  environmental  data  collection  by 
the  National  Oceanic  and  Atmospheric  Administration's 
(NOAA's)  Geostationary  Operational  Environmental 
satellites  (GOES),  a time  code  has  been  incorporated 
by  the  National  Bureau  of  Standards  (NBS)  into  an 
interrogation  message  from  these  satellites.  This 
message  is  directed  to  data-col 1 ect ion  platforms 
engaged  in  seismic.  Tsunami,  hydromet  and  other 
related  monitoring  activities.  The  NBS  has  devel- 
oped this  time-code  system  to  serve  environmental 
data  users  who  require  only  a few  tenths  of  a second 
accuracy  as  well  as  those  who  need  a more  accurate 
time  reference. 

The  time  code  is  available  continuously  from  two 
geostationary  satellites  and  provides  a coverage  of 
the  Atlantic  and  Pacific  Ocean  Basins  as  well  as  the 
North  and  South  American  Continents.  The  time  code 
includes  the  necessary  information  to  compensate  for 
free-space  propagation  delays  between  the  master  clock 
located  at  Wallops  Island,  Virginia,  and  the  user. 
Preliminary  results  indicate  a timing  resolution  of 
10  ps.  The  accuracy  is  very  much  dependent  upon 
the  quality  of  orbital  information  supplied  to  NBS 
by  NOAA.  This  is  presently  being  evaluated. 

The  time-code  system  is  supported  by  atomic  clocks 
maintained  at  Wallops  Island,  Virginia,  the  point 
of  origin  for  all  signals  to  be  sent  through  the 
satellites.  A data-logging  system  monitors  three 
television  networks  and  Loran-C  to  provide  a com- 
parison link  between  the  Wallops  Island  clocks  and 
reference  standards  at  the  NBS. 

A microprocessor  "smart"  clock  has  been  developed 
for  the  user  that  automatically  corrects  for  path 
and  equipment  delays  and  places  its  recovered  time 
in  synchronism  with  Coordinated  Universal  Time  (UTC) 
generated  by  NBS.  This  clock  and  associated  recovery 
equipment  will  also  be  discussed  in  the  presentation. 
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INTRODUCTION 


A time  code  has  been  added  by  the  National  Bureau  of  Standards  (NBS) 
into  a communications  channel  between  the  National  Oceanic  and  Atmo- 
spheric Administration's  (NOAA's  Geostationary  Operational  Environmental 
Satellites  (GOES)  and  remote  environmental  data-gather ing  platforms. 

The  time  code  is  continuously  available  throughout  the  entire  Western 
Hemisphere  offering  easy  accessibility  and  moderately  high  accuracy  at 
low  cost.  The  time  code  contains  Coordinated  Universal  Time  (UTC) 
information  and  Universal  Time  (UTl)  corrections.  In  addition  to  the 
time  code,  the  satellite's  position  is  included  for  free-space  propagation 
time  corrections.  These  position  data  are  presently  in  the  form  of  the 
satellite's  longitude,  latitude,  and  range  from  the  earth's  center.  The 
UTC  and  UTI  information  is  a permanent  feature  of  those  satellites  and 
will  remain  fixed  in  format.  The  satellite  position  information  may 
undergo  changes  in  form  in  an  attempt  to  improve  its  performance. 


GOES  SYSTEM  DESCRIPTION 

There  are  three  GOES  satellites  in  orbit,  two  in  operational  status  and 
the  third  serving  as  an  in-orbit  spare.  The  two  operational  satellites 
are  located  at  135°  and  75°W  with  the  spare  at  105°W  longitude.  The 
earth  coverages  are  shown  in  figure  1. 

The  mission  for  the  GOES  satellites  includes  (I)  continuous  photography 
of  the  earth's  surface,  (2)  collection  of  data  on  the  space  environmental 
Sun/Earth  interaction,  and  (3)  collection  of  remote-sensor  data  including 
flood,  rain,  snow.  Tsunami,  earthquake,  and  air/water  pollution  moni- 
toring. It  is  in  this  third  function  that  a need  for  a time  code  was 
realized  since  in  many  cases  the  data  would  be  of  greater  value  if  it 
were  labeled  with  the  date  as  it  is  collected. 

Some  of  these  remote  sensors  are  equipped  with  both  a receiver  and 
transmitter.  Upon  command  from  the  satellite,  these  sensors,  called 
data  collection  platforms  (DCP's),  are  activated  to  transmit  stored  data 
to  the  satellite.  The  satellite  relays  these  data  to  the  NOAA  Command 
and  Data  Acquisition  (CDA)  station  at  Wallops  Island,  VA,  for  processing 
and  dissemination  to  user».  The  communications  channel  used  to  activate 
this  response  is  called  the  interrogation  channel.  This  channel  is 
continuously  relaying  interrogation  messages  through  the  satellites. 

Its  format  is  shown  in  figure  2. 

Tht  interrogation  message  is  exactly  one-half  second  in  length  or  50 
bits,  the  data  rate  being  lOOb/s.  The  interrogation  message  is  binary 
and  phase  modulates  a carrier  ±60  degrees  after  being  Manchester-encoded; 
i.e.,  data  and  data  clock  are  modulo  2 added  before  modulating  the 
carrier.  An  interrogation  message  consists  of  the  first  four  bits 
representing  a BCD  word  of  the  time  code  beginning  on  the  one-half  second 
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followed  by  a maximum  length  sequence  (MLS)  15  bits  in  length  for  message 
synchronization  and  ending  with  31  bits  as  an  address  for  a particular 
DCP.  When  a DCP  receives  and  recognizes  its  unique  address  it  transmits 
its  data  to  the  satellite.  Sixty  interrogation  messages  are  required  to 
send  the  60  BCD  time-code  words  constituting  a time-code  frame.  The 
time-code  frame  begins  on  the  one-half  minute  and  requires  30  seconds  to 
complete. 


time  code  system 

The  time  code  is  generated  and  integrated  into  the  interrogation  message 
at  the  CDA  for  transmission  to  the  GOES  satellites.  The  time-code 
generation  system,  shown  in  figure  3.  is  completely  redundant  and  fully 
supported  by  an  un i nterruptabl e power  supply.  There  is  a communication 
interface  between  the  equipment  and  NBS/Boulder  using  a telephone  line. 
Over  the  telephone  line,  satellite  position  information  is  sent  to  the 
CDA  and  stored  in  memory  for  eventual  incorporation  with  the  time  code 
and  interrogation  message.  Data  are  also  retrieved  from  the  CDA  via  the 
telephone  line  to  Boulder.  These  data  include  the  frequency  of  the 
atomic  oscillators  and  the  time  of  the  clocks  relative  to  UTC  as  compared 
to  TV  transmissions  from  Norfolk,  VA,  and  to  the  Loran-C  transmissions 
from  Cape  Fear,  North  Carolina.  These  data  are  stored  for  retrieval  in  a 
Data  Logger  similar  to  that  described  in  reference  [1].  The  Data  Logger 
also  measures  and  stores  the  time  of  arrival  of  the  signals  from  both  the 
Western  and  Eastern  GOES  satellites  as  received  at  the  CDA.  Besides  the 
time  and  frequency  monitoring  functions,  the  Data  Logger  provides  the 
information  necessary  for  NBS  staff  at  Boulder  to  remotely  determine  if 
and  where  malfunctions  exist  and  how  to  correct  for  them  by  switching  in 
redundant  system  components. 

The  interrogation  message  rate,  lOOb/s,  is  generated  by  the  atomic 
oscillators  in  the  time-code  system.  The  interrogation  message  is  one- 
half  second  in  length  or  50  bits.  The  time-code  frame  repeats  every 
30  seconds  and  begins  on  the  one-half  minute  as  shown  in  figure  A.  The 
time-code  frame  contains  a synchronization  word,  a time-of-year  word 
(UTC),  the  UTl  correction,  and  the  satellite's  position  in  terms  of  its 
longitude,  latitude,  and  radius.  The  position  information  is  presently 
updated  only  on  the  half  hour. 

The  satellite  position  information  is  generated  at  Boulder  using  a CDC 
6600  computer  and  orbital  elements  furnished  by  NOAA's  National  Environ- 
mental Satellite  Service  (NESS).  NESS  generates  these  orbital  elements 
weekly  from  data  obtained  from  their  tri lateration  range  and  range  rate 
(R6RR)  tracking  network.  That  network  is  illustrated  in  figure  5-  The 
tracking  data  are  obtained  by  measuring  the  R6RR  to  the  Western  satellite 
from  the  CDA,  and  sites  in  the  states  of  Washington  and  Hawaii.  The 
Eastern  satellite  is  observed  from  the  CDA,  Santiago,  Chile,  and  Ascension 
Island  in  the  South  Atlantic.  The  sites  used  in  the  RSRR  network  other 
than  the  CDA  are  known  as  turn-around  ranging  stations  (TARS). 
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RECEPTION 


The  interrogation  channel  signals  are  briefly  characterized  in  figure  6. 
Typical  antennas  include  simple  low  gain  helixes  or  yagis.  A receiver 
is  shown  in  figure  7 as  three  modules;  an  RF/IF  module,  ar  L.O.  injection 
nxDdule  and  a demodulator  module.  A block  diagram  of  this  receiver  is 
shown  in  figure  8.  This  receiver  is  a coherent,  synchronous  digital 
receiver  utilizing  a phase-lock  loop  for  demodulation  and  L.O.  generation 
and  a bit  synchronizer  for  detection  purposes. 

The  outputs  of  the  receiver,  data  and  data  clock,  are  the  inputs  to  a 
decoder  clock  (see  reference  2 for  a complete  description  of  this  clock). 
The  decoder  clock  shown  in  figure  9 uses  a four-bit  microprocessor  to 
demultiplex  the  data,  extract  the  proper  four  bits  of  the  time  code  every 
one-half  second,  and  reconstruct  the  time-code  frame.  Once  decoded, 
this  time  is  loaded  into  Random  Access  Memory  (RAM)  and  updated  by 
incrementing  the  RAM  clock  in  10  ms  steps  by  counting  the  data  clock,  a 
100  Hz  sguarewave. 

A prototype  of  a "smart"  clock  is  shown  in  figure  10.  This  is  essen- 
tially an  addition  of  a second  microprocessor  to  the  decoder  clock  for 
the  calculation  of  the  free-space  propagation  delay  from  the  CDA  to  the 
clock  via  the  satellite.  This  delay  value  is  then  used  with  a delay 
generator  to  compensate  for  the  free-space  path  delay. 


PERFORMANCE 

The  eguation  relating  the  time  recovered  from  the  satellite  to  the 
master  clock  at  Wallops  Island  is  given  in  figure  11.  Term  1 is  known 
to  better  than  1 ps  using  the  Data  Logger  at  the  CDA  which  compares  the 
CDA  clocks  to  Loran-C  and  TV-line  10.  Using  the  measurement  setups  of 
figure  12,  the  smart-clock  output  on  the  chart  recorder  would  draw  a 
straight  line  if  the  orbit  predictions  are  accurate  and  all  equipment 
delays  are  constants;  i.e.,  terms  2,  4,  5t  and  6.  Figure  13  shows  raw 
data  for  28  days.  Each  data  point  represents  an  average  of  measurements 
taken  in  one  day  at  one-half-hour  increments  totaling  48  measurements 
per  day.  Figure  14  shows  the  same  data  with  the  CDA  clock  drift  removed 
and  the  two  jumps  in  delay  which  have  been  attributed  to  equipment 
changes  at  the  CDA.  The  orbit  predictions  used  to  generate  these  data 
were  derived  from  three  sets  of  orbital  elements  extrapolating  as  much 
as  22  days  beyond  their  date. 

The  results  indicate  a consistency  in  orbit  determination  and  in  the 
stability  of  equipment  delays  of  about  10  ps  for  the  period  under  study. 
A claim  for  accuracy  cannot  be  made,  however,  until  the  equipment  delays 
at  the  CDA  and  in  the  receiving  equipment  have  been  evaluated  and  more 
measurements  of  this  type  are  taken  at  points  separated  by  large 
geographical  distances. 
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Portions  of  the  actual  charts  producing  the  data  just  discussed  are 
shown  in  figure  15-  The  output,  uncorrected  for  the  free-space  delay 
shows  a 2^-hour  diurnal  due  to  the  satellite's  orbit  inclination  and 
eccentricity.  The  corrected  output,  one  point  every  half  hour,  lies  in 
a straight  line  at  least  to  a few  microseconds  on  the  average.  Because 
the  satellite  position  data  are  updated  only  every  half  hour,  the 
corrected  output  deviates  from  a straight  line  between  the  half-hour 
updates  at  the  same  rate  shown  for  the  uncorrected  output. 


CONCLUSIONS 

The  time  code  has  been  broadcast  from  the  two  GOES  satellites  for  more 
than  one  year.  It  has  proven  itself  to  be  a reliable,  low  cost,  and 
extremely  simple  system  for  moderately  high  accuracy  time.  The  time 
code  is  now  considered  a permanent  feature  of  the  GOES  satellites  and 
should  see  an  expanding  list  of  users  for  many  purposes  within  the 
Western  Hemisphere. 

The  results  presented  in  this  paper  indicate  a potential  accuracy  of  10 
to  20  microseconds.  These  figures  need  to  be  verified,  however,  by 
additional  observations  at  points  widely  separated  geographically. 
Equipment  delays  need  further  study.  The  clock  drift  and  the  effect  of 
equipment  changes  at  the  CDA  need  to  be  offset  or  eliminated  to  make 
the  time-code  system  a true  one-way  time  transfer  technique. 
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Fig.  9-Decoder  clock 
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A SYSTEM  FOR  NEAR  REAL-TIME  CRUSTAL  DEFORMATION  MONITORING 


Peter  F.  MacDoran 

Radio  Interferometry  Technology  Applications  Group 
Jet  Propulsion  Laboratory 
Pasadena,  California  91103 


ABSTRACT 

It  is  proposed  to  demonstrate  a near  real-time 
monitoring  system  for  study  of  vertical  crustal 
deformation  such  as  the  Palmdale  Bulge.  This 
monitoring  will  be  achieved  by  Independent  station 
radio  interferometry  techniques  with  a pair  of  small 
antennas  (2,5m),  illuminated  by  ALSEP  S-band  signals 
from  the  moon  or  other  artificial  radio  signal  sources. 
Although  the  ALSEP  will  allow  only  fringe  frequency 
observations  and  measurement  of  equatorial  baseline 
components,  82%  of  vertical  deformation  can  be  sensed. 

This  system  will  occupy  sites  previously  measured  in 
three  dimensions  by  ARIES  (Astronomical  Radio  Inter- 
ferometric Earth  Surveying)  and  monitored  thereafter 
by  this  small  antenna  system.  By  comparing  the  ARIES 
equatorial  baseline  components,  derived  from  quasar 
positions,  with  those  determined  by  ALSEP  signals  it 
will  also  be  possible  to  relate  lunar  motions  relative 
to  the  quasar  reference  frame  with  approximately  0.1  arc 
sec . 

INTRODUCTION 

The  ARIES  (Astronomical  Radio  Interferometric  Earth  Surveying)  tech- 
nique, as  presently  constituted,  is  sophisticated  and  cumbersome  to 
operate  because  of  the  quasar  sources  are  weak  signals  when  received  at 
the  earth.  However,  the  quasars  compose  a virtually  time-invariant 
frame  of  reference  because  of  their  great  distances  and  thus  are  free  of 
orbit  computational  challenges. 

The  ALSEP  (Apollo  Lunar  Surface  Experiments  Package)  units  placed  on  the 
moon  by  Apollo  Flights  12,  14,  15,  16  and  17  represent  a valuable  re- 
source of  radio  illumination  for  earth-based  Interferometers.  Such 
interferometry  has  been  accomplished  by  several  investigators  (ref.  1, 

2,  and  3)  although,  no  use  has  been  made  of  the  ALSEP  signals  for 
terrestrial  geodesy. 
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Unlikt*  the  quasars  which  emit  very  wideband  radio  sp<’ct  ral  noise,  tlie 
Ai.SEP  is  spectrally  narrow  being  composed  of  teli'metrv  signals  from 
lunar-based  scientific  Instruments.  The  Al.SF.I>'s  are  not  radio  trans- 
ponders of  the  type  used  aboard  interplanetary  spacecraft.  ’Hie  ALSEI’ 
dc)es  accept  uplink  commands  from  earth  to  control  certain  functions, 
iiowevcr,  no  cotierent  response  occurs  from  the  device. 

Althougii  the  ALSEI’  spectrum  is  narrow,  about  b KHz  at  '3  db , tile  radio 
flux  arriving  at  tlie  earth  is  equivalent  to  50,000  lansky  (10“2b  w/m^/ 
Hz).  By  comparison,  in  ARIES  experiments  a strong  quasar  is  considered 
to  be  a source  of  5 or  more  Jy . This  factor  of  10^  difference  in  flux 
is  tiien  available  to  be  traded-off  to  achieve  a simpler  radio  inter- 
ferometry system  but  at  the  expense  of  having  Introduced  radio  source 
dynamics  into  the  problem.  Fortunately,  LURE  (Lunar  Ranging  Experiment) 
ref.  4 and  the  AI.SEP/Quasar  AVLBI  experiments,  ref.  5,  have  been 
successfully  dealing  witli  such  problems  and  now  represent  a valuable 
resource  for  achieving  the  desired  radio  interferometric  geodesy 
simp  1 i f i cat  ions . 


FRINGE  FREtlUENCY  OBSERVABLES  AND  VERTICAL  COMPONENT  SENSITIVITY 

The  RF  spectral  narrowness  of  the  ALSEP's  does  represent  a limitation 
relative  to  the  extremely  wide  RE  continuum  emissions  of  quasars.  A 
broad  RF  emission  spectrum  allows  the  interferometer  to  precisely 
measure  tlie  delay  function  by  signal  cross-correlation  within  0.1  nano- 
second, but  a narrow  spectrum  allows  only  the  time  rate  of  delay  change 
to  be  precisely  measured  (ref.  b) . Three  dimensional  geodesy  requires 
interferometry  delay  measurements  from  at  least  two  quasars  at  sub- 
stantially different  declinations.  In  actual  practice,  ARIES 
experiments  use  ten  to  twenty  quasars  observed  over  periods  of  8 to  26 
hours  because  of  a need  for  an  alternate  solution  strategy  caused  by 
frequency  system  instabilities. 


Having  access  to  only  delay  rate  data,  also  called  fringe  frequency, 
results  in  the  interierometer  being  sensitive  to  only  the  two  equatorial 
components  (X  and  Y)  of  the  baseline  vector.  The  Z component  insensi- 
tivity results  in  a loss  of  18%  of  the  Information  and  some  uniqueness 
of  interpretation.  More  specifically,  con.slder  the  effect  of  applying 
the  rotation  matrix  (valid  for  latitude  35  ) to  transform  a unit  local 
vertical  displacement  into  geocentric  baseline  components: 
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Thus,  a one  meter  increment  in  the  local  vertical  appears  as  a 39  cm 
decrease  in  the  gocentric  X component  (direction  toward  Greenwich)  and  a 
73  cm  decrease  in  the  Y component  (90°  E of  Greenwich).  The  spin  axis 
component,  which  will  not  be  sensed  by  this  system,  experiences  a 56  cm 
increase . 

REAL-TIME  DATA  TRANSFER 

The  narrow  RF  spectrum  of  ALSEP  does  offer  an  important  advantage  of 
being  easily  recorded  or  transferred  via  telephone.  A 3 KHz  infor- 
mation bandwidth  is  suitable  from  signal  to  noise  ratio  considerations 
and  quite  reasonable  for  telephone  circuit  transmission  for  real-time 
cross  correlation  signal  detection  processing. 

The  phone  lines  have  instabilities  that  need  frequent  calibration.  This 
can  be  accomplished  by  time-formatting  the  data  in  the  usual  Very  Long 
Baseline  Interferometry  (VLBI)  manner  at  each  station.  Each  of  the  2.5m 
antenna  stations  will  have  a cesium  clock  which  can  be  synchronized  to 
the  other  clock  within  one  microsecond  or  better  and  thus  the  phone 
line  delay  can  be  determined  well  within  the  3 KHz  bandwidth  restric- 
tions of  the  line.  Figure  1,  illustrates  the  conceptual  elements  for 
monitoring  stations  100  km  apart  at  Pearblossom  and  Palos  Verdes,  Cali- 
fornia. The  Pearblossom  site  is  in  the  maximum  zone  of  the  uplift 
associated  with  the  San  Andreas  Fault  in  Southern  California  and  known 
as  the  Palmdale  Bulge  (ref.  7).  There  is  reason  to  believe  that  these 
uplifts  can  occur  relatively  rapidly  (i.e.  few  months)  and  therefore  the 
interest  in  near  real-time  automated  monitoring. 

TELECOMMUNICATIONS  ASPECTS 

Consider  two  or  more  2.5  meter  ('V/  8 ft.)  diameter  dish  antennas  with 
efficiencies  of  50%,  200  Kelvin  S-band  receiver  operating  temperatures, 

3 KHz  bandwidth,  10  second  coherent  integration  time  and  receiving  ALSEP 
signals  equivalent  to  5 X 10^  Jy,  The  signal  to  noise  ratio  (SNR)  of 
the  cross  correlation  output  is  then  27,  (ref.  8). 

By  deriving  the  interferometer  phase  every  10  seconds  over  an  800 
second  interval  it  will  be  possible  to  extract  the  fringe  frequency 
with  a precision  of  50  to  100  uHz  of  S-band.  Several  800  s.  samples  of 
the  fringe  frequency  over  a wide  range  of  sky  visibility  for  the  ALSEP' s 
will  allow  the  amplitude  and  phase  of  the  diurnal  signature  to  be 
determined  along  with  the  frequency  system  offset.  Tlius,  equatorial 
baseline  components  can  be  measured  (ref.  6 and  8),  Having  50  pHz  data 
quality  every  800  sec.  Implies  10  cm  baseline  precision. 

FREQUENCY  SYSTEM  REQUIREMENTS 

The  independently  operated  atomic  frequency  systems  at  each  station  In- 
t rodui  another  error  source.  Ideally,  a frequency  system  such  as  a 


hydrogen  maser  couLd  be  used  vith  virtually  no  contribution  to  the  error 
budget.  However,  cost  aspects  make  it  important  to  consider  other 
frequency  sources  for  this  study  where  unattended  remote  station  opera- 
tions are  higlily  desireable.  At  800  sec.  the  HP  5061,  option  4.5  cesium 
frequency  system  has  a stability  of  about  ^f/f  = x 10“^^  which  at 

S-band  causes  a 350  uHz  noise  level.  Incoherently  combining  these  350 
;.Hz  observations  over  a 10  hour  observation  period  allows  improvement  to 
an  effective  50  i.Hz  observation  which  is  equivalent  to  about  a 10  cm 
baseline  precision. 


CALIBRATIONS 
A.  Phase  Stability 

Because  the  equatorial  baseline  information  i®  inherently  diurnal  in 
nature,  special  care  must  be  taken  to  either  stabilize  the  receiving 
system  or  to  explicitly  measure  possible  thermal  phase  variations  over 
the  tracking  pass.  Such  phase  calibration  can  be  performed  and  trans- 
mitted along  with  the  time-formatted  video  data  fref.  9). 

B Lunar  Orbit 

Based  upon  LURE  data  (ref.  10)  the  lunar  ephermerides  are  believed  to  be 
internally  consistent  to  within  approximately  0.01  arc  sec.  Considering 
the  two  small  antenna  stations  to  be  deployed  100  Km  apatt  at  estab- 
lished ARIES  sites,  for  example,  one  on  the  Palmdale  Bulge  maximum 
(Pearblossom)  and  the  other  near  Tidal  Bencli  Mark  8 (Palos  Verdes),  A 

0. 01. arc  sec  lunar  position  internal  error  causes  a 0.5  cm  baseline 
error.  I'ossible  angular  rotations  between  the  lunar  frame  and  the 
quasar  frame  might  be  present  and  could  be  sensed  at  about  the  0.1  arc 
sec  level  by  this  100  Km  baseline. 

C.  Transmission  Media 

1.  Ionosphere  - a 100  Km  baseline  is  short  enough  that  diurnal  varia- 
tion are  self-cancelling  in  the  differential  measurement  that  is 
intrinsic  to  interferometry.  Residual  effects  due  to  ionospheric 
clouds  of  scale  *100  Km  are  estimated  to  be  10  cm  per  pass  and 
random  on  a pass  to  pass  basis. 

2.  Troposphere  - twice  daily  radiosonde  weather  balloon  flights  are 
available  to  calibrate  both  of  the  proposed  sites.  Edwards  Air 
Force  Base  can  be  used  to  calibrate  tlie  Pearblossom  site  35  Km  away 
with  both  in  the  Mojave  desert  environment.  Los  Angeles  Inter- 
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national  Airport  is  15  Km  away  from  Palos  Verdes  site  and  both  are 
coastal  locations.  It  is  also  possible  to  transmit  surface  meteo- 
rology through  the  phone  line.  The  radiosonde  calibrations  will  be 
accurate  to  3 cm  at  zenith  and  considering  that  tracking  data  will 
be  taken  to  only  20°  elevation  angles,  the  baseline  will  be  affected 
at  about  the  10  cm  level  on  a single  pass  basis.  Water  vapor  radio- 
meters could  calibrate  the  wet  tropospheric  delay  effects  within  2 
cm  to  10°  elevation  angles,  however,  such  Instruments  are  relatively 
expensive  and  may  be  non-optimal  for  continuous  monitoring  on  a time 
scale  of  months  to  years. 

Figure  2,  summarizes  the  random  and  systematic  errors  that  allow  about  a 
21  cm  performance  from  a single  10  hour  pass  and  about  a 7 cm  accuracy 
given  the  statistical  combination  of  nine  passes  of  ALSEP/ interferometer 
data . 


SUMMARY 

A radio  interferometry  scheme  has  been  proposed  which  uses  the  relatively 
strong  S-band  radio  signals  coming  from  the  ALSEP  stations  on  the  moon. 
These  strong  signals  have  allowed  several  simplfications  to  Independent 
station  radio  interferometry  such  as  small  2.5  m antenna  sizes  and  real- 
time cross  correlation.  The  frequency  system  requirements  of  Af/f= 

2 X 10~13^t=800  sec,  remain  fairly  sophisicated  but  obtainable 
commercially.  Stations  of  the  type  discussed  could  be  Implemented  and 
operated  at  comparatively  low  cost  and  could  make  Important  geophysical 
contributions  to  the  determination  of  crustal  deformations. 
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ERROR  SOURCE  ESTIMATES 


RANDOM  ERRORS 1' — SYSTEMATIC  ERRORS 


Quartz  Clocks  Synchronized  by  LF  Time  Signals 


J.  Bonanomi  and  P.  Schumacher,  Observatoire 
Cantonal,  Neuchatel,  Switzerland 


Abstract 


The  general  availability  of  LF  time  signals, 
the  compactness  and  simplicity  of  the  re- 
ceivers, and  C-Mos  integrated  circuits  make 
it  possible  to  design  reliable,  inexpensive 
and  unattended  synchronized  clocks.  Battery- 
operated  models  have  an  autonomy  of  3 years 
and  an  accuracy  of  10  msec.  Models  with 
temperature-controlled  crystal  oscillators 
have  an  accuracy  of  100  psec. 


I ntroduct ion 


There  are  5 LF-stations,  4 of  which  are  in  Europe^^^, 
transmitting  time  signals  and  precision  carriers  continu- 
ously (fig.  1);  several  more  stations  transmit  time  signals 
regularly  but  not  continuously  (Japan,  USSR) . All  these 
transmitters  can  be  used  to  synchronize  clocks  in  a 
straightforward  way.  It  is  the  purpose  of  this  paper  to 
show  that  such  clocks  can  be  made  very  reliable  and  at 
low  cost. 

The  clocks  to  be  described  here  are  quartz  clocks, 
which  are  synchronized  by  the  time  signals  and  run  with 
the  rate  of  their  quartz  in  the  absence  of  a useful  signal. 
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Frequency  Call  sign  Country 


Format  of  second 
and  minute  markers 


40  kHz 

JG2AS 

Japan 

50  kHz 

OMA 

Czech . 

bO  kHz 

MSF 

England 

60  ktlz 

WWVB 

USA 

66^/3  kHz 

RBU 

USSR 

75  kHz 

HBG 

S witz . 

77,5  kHz 

DCF 

Germany 

loo  kHz 

LOR.C 

57  58  59  0 1 2 3 


Fig.  1:  Time  Signal  Transmitters  in  the  LF-Band. 


Properties  of  LF-time  signals 

The  accuracy  of  LF-time  signals  is  in  the  100  ;isec 
range;  this  modest  accuracy  is  sufficient  for  a great 
number  of  public  and  industrial  applications. 

Range . With  antenna  powers  around  10  kW,  the  useful  range 
of  the  transmitters  is  3000  km.  Thus  transmitter  WWVB 
covers  the  contiguous  United  States  adequately,  whereas 


the  4 European  transmitters  are  in  effect  largely  redundant 


Rece 1 vers . LF-waves  can  be  received  inside  most  buildings 
and  penetrate  many  meters  underground.  The  antenna  can 
therefore  be  mounted  on  the  same  printed  circuit  board  as 
the  receiver  (fig.  4) , and  only  in  rare  cases  is  it  neces- 
sary to  separate  antenna  and  receiver  by  a cable. 

Noise  and  interference.  A distinct  advantage  of  the  LF-band 
compared  to  short  waves  is  the  nearly  total  absence  of 
mutual  interference,  because  of  the  small  number  of  trans- 
mitters. Fading  is  also  either  nonexistent  or  so  slow  as 
to  be  harmless.  Noise,  on  the  contrary,  is  abundant  in  the 
LF-band,  and  it  is  both  man-made  and  natural  (from 
thunderstorms) . Fortunately  strong  and  steady  noise  sources 
are  rare;  the  typical  steady  background  noise  is  equivalent 
in  a 10  Hz  bandwidth,  to  a field  strength  of  100  pV/m  in  a 
noisy  building,  30  pV/m  in  a city  street,  and  1 pV/m  in 
rural  areas. 


Reception  of  the  time  signals  is  not  continuous  but 
intermittent,  even  in  the  vicinity  of  the  transmitter. 

There  are  several  reasons  for  this:  1)  Scheduled  shutdowns 
of  the  transmitters  are  necessary  for  maintenance,  and 
accidental  failures  do  occur.  2)  Noise,  man-made  or  natural 
may  temporarily  obliterate  the  signal.  3)  Beyond  3000  km  a 
useful  signal  is  available  only  at  night.  4)  Fading  may 
occasionally  cancel  the  signal  at  distances  as  short  as 
500  km,  especially  at  sunrise  and  sunset. 

The  intermittent  character  of  the  received  time 
signals  was  taken  into  account  in  the  specifications  of 
our  clocksl^^J:  a useful  signal  must  be  present  only  about 
10  % of  the  time  and  interruptions  as  long  as  a few  days 
may  occur. 

The  local  time  base  of  a synchronized  clock  must 
therefore  be  able  to  bridge  an  interruption  of  the  signal 
during  a few  days  and  restore  correct  synchronization  when 
reception  of  the  signal  is  resumed. 


A quartz  clock  without  temperature  control  will  drifi 
several  parts  in  10^  in  the  worst  case, 
drift  of  several  seconds,  but  less 
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during  an  interruption  lasting  several  days.  Thus  the  clock 
will  be  correctly  updated  if  it  locks  itself  to  the  nearest 
minute.  However,  it  would  clearly  fall  out  of  step  if  it 
were  simply  locked  to  the  nearest  second  pulse.  Its  "normal" 
accuracy,  during  continuous  reception,  will  of  course  be 
much  better,  say  + 10  msec. 


For  applications  where  a millisecond  accuracy  must  be 
preserved  also  during  interruptions  of  the  time  signals,  we 
must  impose  rather  severe  specifications  on  the  local  time 
base.  Since  less  than  one  millisecond  in  several  days  means 
a frequency  accuracy  of  the  order  of  one  part  in  10- , the 
local  oscillator  will  have  to  be  a very  good  quartz,  with 
digitally  memorized  frequency  control. 


V Antenna 


Fig.  3 : Schematic  diagram  of  public  clock. 


Street  Clock 


The  first  clock  is  for  general  time  display  to  the 
public  (figs.  2,  3) . The  clock  has  two  dials  with  a diame- 
ter of  90  cm;  its  advantage  is  that  it  is  completely 
autonomous  and  does  not  need  any  connecting  wires  from 
outside.  It  is  powered  by  3 type  D dry  cells  and  has  an 
autonomy  of  about  3 years.  The  electronic  part  consists  of 
one  printed  circuit  board  (fig.  4) , including  receiver, 
antenna,  internal  clock,  and  an  output  stage  to  drive  the 
hands.  The  internal  time  base  is  an  uncompensated  quartz 
at  the  watch  frequency  of  32768  Hz.  The  receiver  is  desi- 
gned to  be  as  simple  and  compact  as  possible:  The  antenna, 
a ferrite  rod,  is  followed  by  a preamplifier  stage  at  75 
kHz  and  two  IF-stages  at  1272  Hz.  The  local  oscillator 
frequency  is  derived  from  the  time  base  oscillator,  the 
tuned  circuits  are  ferrite  pot  cores,  the  overall  bandwidth 
is  12  Hz.  The  minimum  field  strength  for  correct  operation 
is  50  pV/m,  a sensitivity  sufficient  for  HBG  throughout 
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Europe.  A better  sensitivity,  down  to  about  2 uV/m,  can  be 
achieved  with  a better  antenna,  but  the  increase  in  cost 
and  size  is  hardly  warranted,  as  the  lower  limit  is  general- 
ly set  by  external  noise  rather  than  by  receiver  noise. 


Fig.  4 : Electronic  module  of  a synchronized  clock. 


The  envelope  of  the  carrier  is  detected  and  the  minute- 
marker  is  identified  among  the  second  pulse.s.  The  format  of 
the  minute  markers  is  different  for  each  transmitter. 

The  quartz  frequency  is  divided  dcwn  to  the  minute; 
the  divider  has  two  counting  rates,  one  faster  and  one 
slower  than  the  nominal  by  1 part  in  10*^.  If  the  minute 
pulses  from  the  transmitter  precede  the  minute  pulse  of  the 
local  time  base,  the  divider  is  maintained  in  the  fast  sta- 
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te,  and  vice  versa.  Synchronization  is  thus  approached  at 
the  rate  of  0.36  second  per  hour.  In  the  presence  of  noise 
or  in  the  absence  of  the  signal,  spurious  minute  markers 
will  be  detected.  To  discriminate  against  these,  the  in- 
coming minute  pulses  are  counted  in  an  up/down  counter, 
up  during  the  first  half  of  the  hour  and  down  during  the 
second  half;  at  the  end  of  the  hour  the  sign  of  the  re- 
sulting count  is  transferred  to  control  the  rate  (fast 
or  slow)  of  the  time  base  divider.  Since  the  spurious  mi- 
nute signals  are  random  in  time,  their  effect  will  cancel. 

The  power  consumption  of  the  electronic  part,  excluding 
the  output  stages,  is  50  pA  at  4 Volts.  The  output  stages 
which  drive  the  hands  consume  about  four  times  more.  The 
stepping  motors  which  drive  the  minute  hands  or,  in  another 
model,  the  second  hands,  are  conventional  secondary  clock 
movements . 

The  number  of  components  has  been  kept  as  low  as 
possible,  to  improve  reliability  and  also  to  minimize 
costs.  There  are  about  100  components,  including  15  tran- 
sistors and  6 C-Mos  integrated  circuits.  The  failure  rate, 
as  estimated  from  a sample  of  300  clocks,  operated  during 
three  years  in  different  climates  and  environments,  is  2 % 
per  year  and  per  clock. 

The  printed  circuit  board  requires  about  half  an  hour 
to  assemble.  The  low  cost  of  this  clock  is  apparent  from 
the  fact  that  the  cost  of  the  electronic  module  (typically 
$100)  is  only  a small  part  of  the  total  hardware,  i.e. 
casing,  dials  and  hands. 

In  what  respect  could  this  public  clock  be  improved  ? 

First,  the  autonomy  of  3 years  can  be  prolonged.  It  is 
now  limited  by  the  power  needed  to  drive  the  hands  and  by 
the  shelf  life  of  alcaline  dry  cells.  The  longer  shelf  life 
of  lithium  batteries  would  be  an  advantage,  but  these  are 
not  yet  available  at  reasonable  cost.  The  efficiency  of 
the  electromechanical  motors  could  also  be  improved.  Liquid 
crystal  displays  are  a more  remote  possibility. 

Second,  all  integrated  circuits  could  be  replaced  by 
one  single  custom  made  chip.  But,  even  if  it  becomes 
economical,  this  solution  is  warranted  only  if  receiver  and 


141 


antenna  can  also  be  substantially  miniaturized.  This  is  a 
distinct  possibility  which  could  lead  to  the  design  of  small 
table  clocks^^K 

The  radiated  power  of  the  LF- transmitters  is  now  about 
10  kW.  One  might  think  that  increasing  this  power  would  be 
helpful  to  the  users.  The  experience  we  have  accumulated 
over  several  years  with  more  than  500  clocks  in  several 
countries  indicates  that  there  was  no  instance  where  power 
was  the  limiting  factor.  The  few  cases,  where  signal  was 
insufficient  because  of  shielding  by  the  building,  were 
solved  by  placing  the  antenna  in  the  vicinity  of  a window, 
but  they  could  not  have  been  solved  by  a tenfold  increase 
in  power.  Increasing  the  power  thus  appears  as  a useless 
waste  of  energy. 

Summer  Time 


An  important  option  which  is  available  with  the  type 
of  clock  discussed  above  is  the  automatic  setting  of  day- 
light saving  time.  With  a coded  message  from  the  HBG 
transmitter  the  clocks  are  advanced  or  retarded  by  exactly 
one  hour.  As  the  dates  of  the  time  change  are  not  the  same 
in  different  countries  in  Europe,  each  country  is  addressed 
by  a different  code.  The  code  consists  of  8 bits  produced 
by  lengthening  to  0.2  sec  the  second  pulses  number  3 to  10 
of  each  minute.  It  is  repeated  each  minute  during  the  night 
of  the  time  change. 

The  decoder  in  the  clock  is  made  in  such  a way  as  to 
receive  the  correct  message  with  a fair  probability  also  in 
the  presence  of  noise,  but  so  as  to  make  it  nearly  impos- 
sible for  strong  noise  to  simulate  a spurious  order  for  a 
time  change.  This  system  has  been  tested  and  installed 
successfully  in  several  European  countries. 


Time  Codes 


Several  LF- transmi tters , including  WWVB,  transmit  a 
time  code  in  addition  to  the  Lime  signals.  These  time  codes 
convey  once  every  minute  the  complete  information  about 
time,  date  and  year  in  a BCD  format,  by  prolonging  the 
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second  pulses  by  varying  amounts.  These  time  codes  are 
intended  for  the  timing  of  events  without  the  need  for  a 
complete  clock  We  contend  that  these  time  codes  bring 
more  dirawbacks  than  advantages : 

- Although  a clock  which  is  set  by  a time  code  does  not 
need  an  initial  setting  as  is  required  by  a clock  that 
is  locked  on  the  nearest  minute  marker,  the  former  clock 
is  much  more  complex  and  therefore  less  reliable  than 
the  latter.  Experience  shows  that  if  the  latter  is  set 
correctly  when  switched  on,  it  will  never  fail  unless  a 
component  fails,  and  in  this  case  updating  by  a time 
code  would  not  be  a remedy  either. 

- In  some  cases  the  time  code  impairs  the  quality  of  the 
minute  markers.  Indeed,  the  format  of  the  minute  mark- 
ers should  have  the  two  properties,  of  being  easily 
recoverable  i.n  the  presence  of  noise  but  not  easily 
simulated  by  noise.  The  minute  markers  of  WWVB  are  parti- 
cularly unfavorable  in  this  respect,  due  to  t?ie  presence 
of  the  time  code. 

- A time  code  fills  up  the  information  channel  available  to 
the  LF-transmitter . This  information  capacity  could  be 
used  more  efficiently  to  broadcast  less  redundant  mes- 
sages of  general  public  interest,  e.g.  automatic  fore- 
warnings of  storms  and  other  emergencies  for  many 
different  regions  which  can  be  addressed  individually  or 
collet  t ively . 


Lock  with  lUQ  microsecond  accurac^ 


An  accuracy  of  100  psec  in  a noisy  environment  can  be 
obtained  with  an  automatic  receiver  clock,  at  the  cost  of 
an  approximately  tenfold  increase  in  complexity  and  price. 
Fig.  “5  is  a schematic  diagram  of  one  of  our  designs;  we 
will  not  discuss  it  in  detail  but  only  outline  its  main 
features : 


- Temperature  controlled  10  MHz 
less  than  1 part  10^  per  day. 


oscillator  with  aging 


rate 


- Digital  frequency  control  of  the  local  time  base,  to  hold 
the  frequency  during  interruptions  of  the  signal. 

- Wide  band  receiver. 


- Coherent  detection  of  the  carrier  envelope. 

- Separate  handling  of  the  second  markers  and  minute 
markers . 

- Slow  correction  rate  of  1 part  in  10^  (1  psec  per  second) . 


This  clock  has  been  implemented  with  about  60  C-Mos 
integrated  circuits.  Work  is  in  progress  to  achieve  the 
same  goal  by  means  of  a microprocessor,  but  there  are  no 
results  to  report  yet;  the  difficulty  is  due  to  the  fact 
that  C-Mos  microprocessors,  necessary  here  because  of  their 
low  power  drain,  are  not  yet  sufficiently  sophisticated  to 
allow  a significant  simplification  of  the  clock. 


Lc-ran-C  Clocks 


We  have  also  designed  quartz  clocks  tied  to  the 
Loran-C  signals  (fig.  6) . Since  even  the  very  best  crystal 
oscillators  will  not  hold  the  correct  cycle  of  100  kHz 
during  an  interruption  of  the  transmitter,  our  clocks 
contain  two  quartz  oscillators,  each  locked  to  a different 
Loran-C  station.  If  one  station  goes  off,  the  corresponding 
oscillator  locks  to  the  other  oscillator.  Since  simultaneous 
failures  of  two  Loran-C  stations  are  extremely  unlikely, 
the  resulting  clock  is  very  reliable.  Its  low  power 
consumption  (0.5W) , low  cost  and  submicrosecond  accuracy 
cannot  be  matched  by  any  commercial  atomic  clock. 
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Fig.  6 : Schematic  Diagram  of  Loran-C  clock  tied  to  two 

different  Loran-C  stations. 
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ABSTRACT 

A Time  Reference  Distribution  Technique  for  synchro- 
nizing a digital  communications  network  has  been 
previously  described.  In  that  technique,  time 
reference  information  from  the  highest  ranking  node 
in  the  network  was  supplied  to  all  other  major  nodes 
over  the  best  available  path  to  each  one,  and  provision 
was  made  for  reorganizing  the  network  to  accommodate 
failures.  By  referencing  the  highest  ranking  node  to 
a time  standard  such  as  UTC,  that  standard  of  time  is 
made  available  at  all  major  nodes  with  an  accuracy 
dependent  on  the  time  transfer  capabilities  of  the 
transmission  paths.  However,  that  technique  fails  to 
apply  much  of  the  information  that  could  be  used  to 
provide  a more  accurate  and  stable  (low  phase  fluc- 
tuation) system. 

The  improved  Time  Reference  Distribution  Technique 
described  here  also  selects  the  highest  ranking  clock 
as  master.  In  it,  the  natural  hierarchy  determined 
by  the  network  connectivity  is  employed;  instead  of 
only  supplying  timing  information  over  the  best  path 
to  each  node,  the  nodes  determine  the  error  in  their 
local  clocks  either  by  using  information  from  all 
neighboring  (directly  connected)  nodes  higher  in  the 
hierarchy  than  the  local  node  or  by  using  information 
from  all  neighboring  nodes  not  lower  in  the  hierarchy. 

To  do  this,  information  is  exchanged  between  neighboring 
nodes  and  there  are  a set  of  procedures  or  rules  for 
applying  this  information.  These  are  presented  and  dis- 
cussed. 
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Introduction 


Digital  communications  have  been  growing  at  a very  rapid  rate  and  are 
being  more  widely  applied.  Switched  digital  communications  networks 
in  which  the  signals  remain  in  digital  form  throughout  the  network 
are  being  developed.  The  problem  of  synchronizing  such  a network  is 
much  more  complex  than  the  synchronization  of  individual  point-to- 
point  digital  communications  systems.  In  digital  point-to-point 
communications,  it  is  only  necessary  that  the  receiver  be  correctly 
synchronized  to  the  received  bit  stream  and  there  is  no  need  to  syn- 
chronize the  transmi tters.  In  a network  employing  time  division  multi- 
plexers and/or  time  division  switches,  each  bit  must  be  available  at 
the  multiplexer  at  the  correct  time  to  fill  its  assigned  time  slot  in 
the  interleaved  bit  stream.  Since  the  bits  to  be  interleaved  at  a 
time  division  multiplexer  or  switch  originate  at  many  locations  through- 
out the  network,  it  is  important  that  their  sources  be  adequately 
synchronized.  Variable  storage  buffers  can  be  placed  in  all  received 
bit  streams  to  act  as  reservoirs  in  which  the  bits  are  temporarily 
stored  until  they  are  needed.  These  buffers  can  accommodate  variations 
in  the  transit  time  of  the  signal  from  one  node  to  another  and  also 
small  errors  in  the  nodal  clocks.  However,  it  is  preferable  to  use 
only  a small  portion  of  the  available  buffer  capacity  in  normal  oper- 
ations and  reserve  most  of  its  capacity  for  contingency  situations. 

One  suggested  method  of  providing  the  desired  transmitter  synchroniza- 
tion is  to  distribute  an  accurate  time  reference  through  the  network 
to  all  of  its  nodes  [1.  2,  3,  4]. 

A switched  digital  communications  network  is  normally  made  up  of  duplex 
(transmission  in  both  directions  simultaneously)  digital  transmission 
links  which  interconnect  the  nodes  of  the  network.  These  duplex  trans- 
mission links  employ  synchronization  codes  to  allow  the  receivers  to 
be  easily  synchronized  to  the  received  signals.  The  codes  are  chosen 
so  as  to  be  unlikely  to  occur  as  a part  of  the  data  sequence.  This 
can  be  accomplished  either  by  selection  of  unique  patterns  or  by 
transmitting  the  synchronization  code  with  a greater  regularity  than 
it  would  randomly  occur.  Since  synchronization  of  the  receiver  for 
each  ii  dividual  transmission  link  to  its  received  signal  is  required, 
such  a network  has  a natural  basis  for  the  distribution  of  a time 
reference.  Each  node  can  use  its  local  clock  to  control  the  time  of 
transmission  of  the  synchronization  code  from  the  local  node.  It 
can  use  the  same  local  clock  to  measure  the  time  of  reception  of 
the  synchronization  code  from  the  other  end  of  the  transmission  link. 

If  the  nodes  at  the  two  ends  of  the  link  exchange  these  measurements, 
they  both  can  determine  the  difference  between  the  two  clocks  with 
the  effects  of  the  signal  transit  time  removed  (except  for  usually 
small  asymmetry  in  the  two  directions  of  transmission  and  instrumenta- 
tion errors)  [1,  2,  3,  4].  This  is  accomplished  by  simply  subtracting 
one  measurement  from  the  other  and  dividing  by  two.  This  time  compari- 
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son  of  clocks  at  neighboring  nodes  can  be  used  to  pass  a time  reference 
from  the  master  to  other  nodes  of  the  network. 

A number  of  advantages  for  using  an  accurate  time  reference  for  syn- 
chronizing a digital  communications  network  are  given  in  references 
[1,  4], 

Desirable  Characteristics  for  a Digital  Communications  Timing  Subsystem 


Quite  a large  number  of  desirable  characteristics  can  be  listed  for 
the  timing  subsystem  of  a large  digital  communications  network  [4], 
Although  it  cannot  be  proved  that  these  characteristics  are  necessary, 
many  of  them  are  widely  accepted  as  desirable.  These  include:  (1) 

Any  node  should  be  able  to  obtain  all  required  timing  information  from 
its  neighbors  (directly  connected  nodes)  without  need  to  communicate 
with  more  distant  nodes;  (2)  The  timing  subsystem  should  accommodate 
failures  or  destruction  of  major  parts  of  the  network  and  still  remain 
operational;  (3)  Timing  perturbations  at  a node  should  not  propagate 
to  other  parts  of  the  network  (i.e.,  when  one  node  makes  a correction 
or  other  change  in  its  clock,  it  is  not  desirable  for  this  to  propagate 
through  the  network  like  falling  dominoes);  (4)  There  should  be  no 
closed  timing  loop  that  could  potentially  contribute  to  system  insta- 
bility; (5)  The  timing  subsystem  should  permit  systematic  self- 
monitoring to  provide  early  detection  of  malfunctions  so  that  they 
can  be  corrected  before  they  interrupt  communications  traffic;  (6)  The 
communications  timing  subsystem  should  be  compatible  with  other  timing 
subsystems  such  as  those  employed  for  navigation;  and  (7)  The  timing 
subsystem  should  be  self-organizing,  initially  and  following  failures. 

A time  reference  distribution  technique  for  a digital  communications 
network  as  described  earlier  [1]  provided  these  desirable  character- 
istics, but  did  not  consider  one  other  important  characteristic.  An 
error  in  a clock  at  any  level  of  the  timing  hierarchy  should  not 
affect  the  measurement  of  the  clock  error  at  any  node  lower  in  the 
hierarchy.  Further,  the  selection  of  the  paths  for  distribution  of 
the  time  reference  and  the  measurement  of  the  error  in  the  local  clock 
should  be  independent  of  the  correction  of  the  errors  in  any  of  the 

other  nodal  clocks.  This  permits  error  correction  in  any  clock  to  be 

made  with  minimum  perturbations  of  the  network  while  still  not  inter- 
fering with  the  accurate  measurement  of  the  error  in  any  other  clock. 

This  can  be  accomplished  very  simply  by  having  each  node  in  the  net- 

work inform  its  neighbors  of  the  measured  but  uncorrected  error  in  its 
own  clock  [2]. 

Distribution  of  the  Time  Reference  Tnrough  the  Network 

Figure  1 will  be  used  as  an  example  digital  communications  network  for 
the  discussion  of  time  reference  distribution  through  the  network. 
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The  internodal  connections  of  this  example  network,  as  shown  by  the 
straiqht  lines,  represent  one  third  of  the  total  possible  internodal 
connections  for  a 12  node  network.  If  any  single  node  of  such  a 
network  is  selected  as  the  master  for  the  entire  network,  for  timing 
purposes,  the  internodal  links  of  the  network  cause  the  nodes  of  the 
network  to  fall  into  a natural  hierarchy  with  the  selected  master  at 
the  highest  level  of  the  hierarchy.  The  second  level  of  the  hierarchy 
comprises  all  nodes  connected  to  the  master;  the  third  level  consists 
of  all  nodes  connected  to  the  second  level  but  not  to  a level  higher 
than  second;  etc.  Figure  2 shows  this  hierarchy  for  the  network  of 
Figure  1 when  node  A is  selected  as  the  master,  while  Figure  3 shows 
the  hierarchy  when  node  E is  chosen  as  the  master. 

In  the  time  reference  distribution  technique  described  in  earlier 
papers  [1,  2,  3,  4],  a simple  set  of  rules  was  employed  at  each  node. 
Some  of  these  rules  were  used  to  determine  the  relative  error  in  the 
clocks  at  neighboring  nodes.  Other  rules  were  employed  to  establish 
the  best  paths  to  the  master  from  each  node.  The  rules  used  to 
establish  the  best  paths  were  essentially  the  rules  described  by 
Darwin  and  Prim  [5]  for  self-organizing  master-slave  timing  systems. 

In  order  to  apply  these  rules,  each  node  is  assigned  a unique  rank  to 
be  used  in  determining  the  order  of  succession  to  master  and  to  help 
resolve  ambiguities  that  could  occur.  Each  transmission  link  is 
assigned  a demerit  value  and  each  node  chooses  to  receive  its  time 
reference  through  the  particular  neighbor  that  will  provide  the  lowest 
demerit  path  between  the  local  node  and  the  master.  When  the  numbers 
next  to  the  individual  links  of  Figures  2 and  3 are  used  to  represent 
the  demerit  values  for  the  individual  transmission  links,  the  best 
(lowest  demerit)  path  from  each  node  to  the  master  is  shown  by  the 
dashed  lines  in  these  figures. 

It  is  obvious  that  for  many  nodes  there  are  a large  number  of  possible 
paths  between  that  particular  node  and  the  master.  In  Figure  2,  paths 
from  the  master  to  node  I for  which  there  is  no  backtracking  through 
levels  of  the  hierarchy  include:  ACI,  ADI,  AFI,  AECI,  AFCI,  ABDI, 

ACFI,  AEJI,  AFJI,  ACEJI,  ACFJI,  ABGJI,  AFCEJI,  AECFJI,  and  ADBGJI. 

By  combining  timing  information  passed  over  these  various  paths,  it 
is  possible  to  provide  greater  timing  accuracy.  Also,  the  network 
does  not  have  to  be  reorganized  following  some  types  of  failure  that 
would  require  reorganization  if  only  the  best  path  to  each  node  were 
used  for  the  time  reference  distribution.  However,  for  effective  use 
of  this  information  from  many  different  paths  a set  of  rules  or  pro- 
cedures is  needed. 

Each  transmission  link  used  for  a time  reference  transfer  within  the 
network  will  introduce  some  error  in  the  comoarison  of  clocks  at  the 
two  ends  of  the  link.  For  a large  number  of  links  of  a given  type, 
these  errors  in  the  comparison  of  the  clocks  can  be  assumed  to  be 


random  with  a mean  value  of  zero.  Therefore,  the  inaccuracy  of  a link 
can  be  characterized  by  the  standard  deviation  (or  variance)  of  the 
expected  error.  (Inaccuracy  as  used  here  refers  to  the  inaccuracy,  or 
error,  of  a clock  error  measurement.)  Figure  4 illustrates  a tandem 
connection  of  five  links.  Since  the  error  (in  the  measured  difference 
between  two  clocks)  associated  with  each  of  these  links  (in  other  parts 
of  the  text  these  errors  are  referred  to  as  inaccuracies  of  clock 
error  measurements)  is  assumed  to  come  from  a random  distribution  with 
zero  mean,  the  errors  (inaccuracies)  statistically  add  as  the  square 
root  of  the  sum  of  the  squares.  Therefore  the  error  for  the  tandem 
connection  can  be  characterized  as  equation  (1),  where  the  E's  repre- 
sent the  standard  deviations  and  is  a variance. 


(1) 


Figure  5 illustrates  two  nodes  connected  by  two  paths  in  parallel.  In 
this  case,  we  would  expect  a combined  accuracy  that  would  be  statis- 
tically better  (based  on  more  samples)  than  that  of  either  oath  by 
itself.  Let  the  measurement  made  over  the  first  of  the  two  paths  be 
M,  = V + E, , where  V is  the  true  value  and  E,  is  the  error  introduced 
by  the  first  path.  Similarly,  let  the  measurement  over  the  second 
path  be  Mp  = V + £2-  It  is  desirable  to  weight  and  combine  these  two 
measurements  in  such  a way  as  to  obtain  the  statistically  most  accu- 
rate measurement.  See  equation  (2). 


= W.,  + Wg  Mg  = W.,  (V+E^)  + Wg  (V+Eg)  (2) 

The  weighting  factors  W,  and  Wg  apply  to  both  the  true  values  and  the 
errors.  Although  the  w^ighted'^true  values  add  linearly,  the  weighted 
error  values  (being  random)  add  as  the  square  root  of  the  sum  of  the 
squares,  so  that: 
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Since  it  is  desired  that  the  combined  result  M.g  be  the  true  value 
with  a statistically  minimum  error,  W,  plus  Wg  must  be  equal  to  1,  and 
the  expression  under  the  radical  sign  must  be'^made  minimum  by  the 
selection  of  W,  and  Wg.  Substituting  (l-W^  for  Wg  in  (3)  and  finding 
the  value  of  w|  that  minimizes  the  statistical  error  gives  (4),  and 
subtracting  this  value  of  W.j  from  1 gives  Wg  as  shown  in  (5). 


(4) 


I 

! 

i 

I 


I 


E 


7 

2 


E 


2 

2 


Putting  these  weighting  factors  in  (2)  gives  (6): 


AB 


(5) 


(6) 


By  using  this  combined  value  as  given  by  (6)  as  one  member  of  a new 
parallel  pair,  computing  a new  combined  value,  and  repeating  this 
procedure  until  the  total  number  of  parallel  paths  are  included,  the 
desired  weighting  factor  for  the  measurement  from  the  path  p of  n 
parallel  paths  can  be  written  as  (7). 


The  resulting  statistical  error  for  the  combined  measurement  based  on 
n parallel  paths  as  found  by  substituting  the  weighting  factors  of  (7) 
into  (3)  is  gi ven  by  (8) . 
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The  information  of  equations  (1)  through  (8)  can  be  applied  in  com- 
bining timing  information  passed  over  several  different  paths.  This 
will  improve  the  timing  accuracy  at  some  nodes  of  the  network,  but 
the  application  of  the  information  should  follow  a suitable  set  of 
rules . 

Rules  for  Time  Reference  Distribution  Via  Multiple  Paths 

Some  basic  considerations  that  influence  the  choice  of  timing  infor- 
mation to  be  transferred  within  the  network  and  the  selection  of  a 
particular  set  of  rules  for  using  this  information  will  be  discussed 
prior  to  the  presentation  of  a suitable  set  of  rules. 

Rather  than  transferring  all  timing  information  to  a single  location 
where  a common  processor  can  be  used  for  all  timing  information  from 
all  nodes,  it  is  much  simpler  and  more  reliable  if  each  node  of  the 
network  can  receive  all  required  timing  information  from  its  neighbors 
(directly  connected  nodes)  and  use  this  information  in  a rather  simple 
local  processor  (microprocessor).  In  a network  employing  a centralized 
processor,  the  common  processor  becomes  a point  of  high  vulnerability 
that  reduces  network  reliability  and  survivability;  and  the  efficiency 
of  utilization  of  transmission  facilities  is  reduced  because  of  the 
large  amount  of  information  that  must  be  transfer>^ed  to  and  from  the 
central  processor  in  order  to  serve  nodes  throughout  the  network. 
Therefore,  it  is  desirable  that  all  timing  information  required  by 
any  node  either  be  stored  at  that  node  or  be  supplied  by  its  neighbors 
without  any  need  for  any  node  to  communicate  with  nodes  more  distant 
than  its  own  neighbors. 

Consider  combining  timing  information  at  node  B of  Figure  6 that  comes 
over  the  paths  AB  and  ACB.  If  this  combined  measurement  at  node  B is 
then  used  to  determine  a combined  timing  measurement  at  node  C,  this 
new  node  C measurement  could  then  be  used  to  determine  a new  combined 
measurement  at  node  B which  could  be  used  to  determine  a new  one  at 
C,  etc.  The  resulting  iterative  process  would  change  the  timing  at 
nodes  B and  C over  a large  number  of  iterations  without  introducing 
any  new  measurements  from  node  A.  The  passing  of  information  back  and 
forth  between  nodes  B and  C cannot  improve  its  accuracy,  but  could 
possibly  introduce  additional  error  due  to  the  link  BC  each  time  the 
link  is  traversed.  It  is  desirable  to  provide  rules  that  will  make 
effective  use  of  combined  timing  information  from  multiple  paths 
while  preventing  such  iterations.  These  iterations  can  be  avoided  if 
each  node  is  prevented  from  using  timing  information  that  has  been 
previously  influenced  by  that  same  node.  To  accomplish  this  and  still 
make  effective  use  of  timing  information  over  many  multiple  paths, 
two  classes  of  timing  information  can  be  maintained  at  each  node. 

Class  1 timing  information  (clock  error  measurements  and  inaccuracy 
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values  for  those  measurements ) is  based  only  on  information  received 
from  nodes  higher  in  the  hierarchy  than  the  local  node,  while  Class  2 
timing  information  is  based  on  information  received  from  all  nodes 
not  lower  in  the  hierarchy  (those  at  the  same  level  in  addition  to 
those  higher).  If  only  Class  1 information  is  used,  there  will  be  no 
closed  feedback  paths,  but  useful  information  from  other  nodes  at  the 
same  level  in  the  hierarchy  will  not  be  used  in  determining  the  clock 
errors.  If,  when  deriving  Class  2 timing  information  a node  us“s 
Class  2 information  from  other  nodes  higher  in  the  hierarchy  bu*^  is 
restricted  to  only  Class  1 information  from  nodes  at  the  same  level 
in  the  hierarchy,  the  closed  paths  will  still  be  avoided  and  the 
undesirable  iterations  will  be  avoided.  Some  of  the  other  consider- 
ations in  selecting  the  particular  system  were  listed  in  a orevious 
section. 


In  order  to  provide  an  effective  self-organizing  method  of  accurately 
distributing  a time  reference  through  a digital  communications  network, 
information  is  exchanged  between  neighboring  nodes.  This  information 
is  applied  in  compliance  with  a set  of  rules.  These  rules  are  dis- 
cussed in  the  text  after  the  following  list  of  information  which  is 
transmitted  by  each  node  to  its  neighbors: 


INFO  1.  Rank  of  the  clock  used  as  the  master  time  reference  for 
the  local  clock.  (This  information  is  used  to  assure 
that  the  highest  ranking  clock  in  the  network  is  used 
as  master  and  to  establish  the  order  of  precedence  to 
master  when  a master  fails.) 

INFO  2.  Number  of  links  between  the  local  node  and  its  master 

time  reference.  (This  information  is  used  to  establish 
the  desired  hierarchy.)  ("Local  node"  is  used  in  this 
discussion  as  a particular  node  under  discussion  which 
transmits  information  to  its  neighbors  and  receives 
information  from  them.) 

INFO  3.  Time  of  the  clock  at  the  remote  end  of  the  link  (including 
the  effect  of  the  time  required  for  the  signal  to  transit 
from  the  remote  node  to  the  local  node)  as  measured  by 
the  clock  at  the  local  node.  (This  information  is  used 
to  determine  the  difference  between  the  clocks  at  the 
two  ends  of  the  link  with  the  signal  transit  time  removed 
from  the  comparison.) 


INFO  4A.  Measured  but  uncorrected  error  in  the  local  clock  based 
on  information  from  those  neighbors  hinher  in  the  timing 
hierarchy  than  the  local  node.  (The  term  measured  error 
as  used  here  includes  errors  obtained  by  mathematically 
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combining  other  measurements  and  the  error  in  this 
measured  error  will  be  called  its  inaccuracy.)  (The 
resulting  Class  1 error  information  is  passed  to  all 
neighbors  not  lower  in  the  timing  hierarchy  than  the 
local  node  and  can  be  used  by  neighbors  at  the  same 
level  to  determine  their  Class  2 errors,  or  by  nodes 
at  higher  levels  to  aid  in  system  monitoring.) 

INFO  4B.  Same  as  4A,  except  based  on  information  from  those 
neighbors  not  lower  in  the  hierarchy  than  the  local 
node  (Class  1 information  from  the  same  level  and 
Class  2 from  higher  levels).  (The  resulting  Class 
2 error  information  is  passed  to  all  neighbors  lower 
in  the  hierarchy  than  the  local  node  for  use  in 
determining  their  Class  1 errors.) 

INFO  5A.  Estimated  inaccuracy,  stated  as  a variance  (or 

standard  deviation),  of  the  local  dork  based  on 
information  from  all  neighboring  nodes  higher  in 
the  hierarchy  than  the  local  node.  (The  resulting 
Class  1 information  is  passed  to  all  neighbors  not 
lower  in  the  timing  hierarchy  than  the  local  node, 
and  it  can  be  used  by  neighbors  at  the  same  level 
to  determine  weighting  factors  (see  discussion  of 
eguation  7)  for  combining  INFO  4B  information  from 
their  neighbors  into  a Class  2 measured  error.) 

INFO  5B.  Same  as  5A  except  based  on  information  from  all 
neighbors  not  lower  in  the  timing  hierarchy  than 
the  local  node.  (This  resulting  Class  2 information 
is  passed  to  all  neighbors  lower  in  the  timing 
hierarchy  than  the  local  node  for  use  in  determining 
weighting  factors  (see  discussion  of  equation  7) 
for  combining  INFO  4A  information  into  a Class  1 
measured  error. ) 

Notice  that  the  two  classes  of  information  under  item  4 and  the  two 
classes  of  information  under  item  5 are  distinguished  by  the  sources 
of  information  used  to  obtain  them  and  also  by  the  nodes  that  make 
use  of  them.  When  the  rules  for  their  use  are  also  considered,  it 
will  be  observed  that  they  prevent  the  formation  of  the  closed  feed- 
back paths. 

Each  node  applies  the  following  set  of  rules  for  the  use  of  the  infor- 
mation received  from  its  neighbors. 

Rule  1 A node  initially  entering  the  network  will  use  its  own 
clock  as  its  time  reference  until  a better  reference  can  be  deter- 


mined.  Its  own  clock  provides  a basic  time  reference  to  which  the 
node  always  returns  when  it  has  no  better  reference  available.  Under 
these  conditions,  the  local  node  supplies  the  rank  of  its  own  clock 
to  its  neighbors  as  INFO  1. 

The  first  type  of  information  received  from  neighboring 
nodes,  INFO  1,  provides  the  local  node  with  the  rank  of  the  clock  used 
as  the  master  time  reference  by  each  of  its  neighbors.  If  one  or  more 
neighbors'  reference  clocks  outrank  the  local  clock,  the  node  will 
select  those  neighbors  (or  the  single  neighbor)  referencing  the  high- 
est ranking  master  and  use  them  (or  it)  in  determining  its  own  time 
reference,  i.e.,  measuring  the  error  in  its  own  clock.  The  rank  of 
the  master  time  reference  used  by  the  selected  neighbors  will  be 
supplied  to  all  neighbors  as  INFO  1,  i.e.,  the  rank  of  the  clock  used 
as  master  for  the  local  node.  Continued  application  of  this  rule  by 
all  nodes  will  result  in  all  nodes  referencing  the  same  highest  rank- 
ing master  clock. 

RULE  3 If  the  local  node  is  referencing  its  own  clock  there  are 
no  1 i nks  between  the  local  node  and  its  master  reference  and  this 
information  is  supplied  to  its  neighbors  as  INFO  2.  The  second  type 
of  information,  INFO  2,  as  received  from  its  neighbors  provides  the 
local  node  with  information  about  the  number  of  links  between  each 
neighboring  node  and  that  neighbor's  master  time  reference.  Unless 
the  clock  at  the  local  node  outranks  the  master  reference  of  all  of 
its  neighbors,  the  number  of  links  between  the  local  node  and  the 
master  is  greater  by  one  than  that  of  the  neighbors  (or  neighbor) 
selected  by  rule  2 which  have  the  least  number  of  links  between  them- 
selves and  their  master.  This  information  is  supplied  to  the  neigh- 
boring nodes  as  INFO  2.  Continued  application  of  this  rule  will 
result  in  establishing  the  desired  natural  hierarchy  such  as  shown  in 
Figures  2 and  3.  INFO  2 information  as  transmitted  to  neighboring 
nodes  and  as  received  from  them  indicates  the  position  in  the  hier- 
archy of  the  local  node  relative  to  each  of  its  neighbors. 

RULE  4 The  third  type  of  information,  INFO  3,  as  received  from 
neighboring  nodes  provides  the  local  node  with  the  time  difference 
between  the  local  clock  and  the  clock  at  each  neighboring  node 
(including  the  signal  transit  time  from  the  local  node  to  the  neigh- 
boring node.)  INFO  3 as  transmitted  to  the  corresponding  neighboring 
node  is  subtracted  from  this  information,  and  the  difference  is 
divided  by  2.  This  provides  a measurement  of  the  actual  time  differ- 
ence (no  trarisit  time  included)  between  the  local  clock  and  the  clock 
at  each  neighboring  node  [1,  2,  3,  4]. 

RUL^  S Each  neighboring  node  nojt  higher  in  the  hierarchy  than 
the  local  node  transmits  to  the  local  node,  as  INFO  4A,  the  Class  1 
measured  but  uncorrected  error  of  its  own  clock,  i.e.,  the  error 
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determined  using  information  from  that  neighbor's  neighbors  that  are 
higher  in  the  hierarchy  than  the  neighbor.  Similarly,  each  neighbor 
higher  in  the  hierarchy  than  the  local  node  transmits  to  the  local 
node,  as  INFO  4B,  the  Class  2 measured  but  uncorrected  error  in  its 
own  clock,  i.e.,  the  error  determined  using  information  from  that 
neighbor's  neighbors  that  are  not  lower  in  the  hierarchy  than  the 
neighbor.  As  received,  this  information  gives  a measured  but  uncor- 
rected error  for  each  neighboring  node.  To  this  is  added  the  differ- 
ence between  the  local  clock  and  each  neighboring  clock  as  determined 
by  rule  4.  The  result  is  a set  of  error  measurements  for  the  local 
clock  based  on  information  from  each  of  its  neighbors.  (The  reason 
for  using  Class  1 information  from  some  neighbors  and  Class  2 infor- 
mation from  others  is  to  avoid  closed  feedback  paths  while  still 
making  very  effective  use  of  the  available  information.) 

Rule  6 Each  neighboring  node  n^  higher  in  the  hierarchy  than  the 
locaT  node  transmits  to  the  local  node,  as  INFO  5A,  the  estimated 
inaccuracy,  stated  as  a variance  (or  standard  deviation),  of  its  Class 
1 measured  error.  Similarly,  each  neighboring  node  higher  in  the 
hierarchy  than  the  local  node  transmits  to  the  local  node,  as  INFO  5B, 
the  estimated  inaccuracy,  stated  as  a variance  (or  standard  deviation), 
of  its  Class  2 measured  error.  This  information,  as  received,  is  the 
estimated  inaccuracy  of  the  measured  but  uncorrected  error  associated 
with  each  neighboring  node.  Add  to  each  member  of  this  set  of  infor- 
mation (directly  if  stated  as  variances  or  as  the  square  root  of  the 
sum  of  the  squares  if  stated  as  standard  deviations)  the  estimated  in- 
accuracy of  the  link  between  each  neighbor  and  the  local  node  as 
determined  during  engineering  design.  The  result  is  a set  of  inaccu- 
racies for  the  set  of  measured  errors  in  the  local  clock  based  on 
information  from  each  neighbor. 

The  estimated  inaccuracy  attributed  to  the  link  between  the  local  node 
and  a neighbor  as  established  during  engineering  design  includes  sev- 
eral parameters.  It  includes  an  effect  due  to  the  differences  in 
signal  transit  time  in  the  two  directions  of  the  duplex  link  which 
includes  delay  differences  in  the  transmitters  and  receivers  at  the 
two  ends  of  the  link.  It  also  includes  inaccuracies  in  the  equipment 
used  to  measure  timing  differences  between  the  received  siqnal  and 
local  clock. 

Rule  7 From  the  set  of  error  measurements  for  the  Im  ' 
as  determined  by  rule  5,  and  the  associated  inaccurn 
by  rule  6,  only  those  for  neighbors  higher  in  the  ti 
than  the  local  node  are  selected.  These  error  -e 
combined  according  to  equation  (6)  to  detem  ■ 
of  the  error  in  the  local  clock,  i.e.,  me  ' • ' 

in  the  hierarchy  than  the  local  node. 
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the  measured  error  in  the  local  clock,  to  all  neighbors  not  lower  in 
the  timing  hierarchy  than  the  local  clock. 
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Rule  8 From  the  set  of  inaccuracies  determined  by  rule  6 only 
those  for  neighboring  nodes  higher  in  the  hierarchy  than  the  local 
node  are  selected.  These  are  combined  according  to  eguation  (7)  to 
determine  the  inaccuracy  for  the  measured  error  in  the  local  clock 
based  on  information  from  neighbors  higher  in  the  hierarchy  than  the 
local  node.  This  information  is  supplied  as  INFO  5A  to  all  neighbors 
not  lower  in  the  timing  hierarchy  than  the  local  node. 

Rule  9 From  the  set  of  error  measurements  for  the  local  clock  as 
determined  by  rule  5 and  the  associated  inaccuracies  determined  from 
rule  6,  all  those  for  neighbors  not  lower  in  the  hierarchy  than  the 
local  node  are  selected.  These  error  measurements  are  combined 
according  to  eguation  (6)  to  determine  a Class  2 measurement  of  the 
error  in  the  local  clock,  i.e.,  one  based  on  all  those  neighbors  not 
lower  in  the  timing  hierarchy  than  the  local  node.  This  is  supplied 
as  INFO  4B,  the  measured  error  in  the  local  clock,  to  all  neighbors 
lower  in  the  timing  hierarchy  than  the  local  clock. 

Rule  10  From  the  set  of  inaccuracies  determined  by  rule  6 all 
those  for  neighbors  not  lower  in  the  timing  hierarchy  than  the  local 
node  are  selected.  These  inaccuracies  are  combined  according  to 
equation  (7)  to  determine  the  inaccuracy  for  the  measured  error  in 
the  local  clock  based  on  information  from  all  those  neighbors  not 
lower  in  the  timing  hierarchy  than  the  local  node.  This  inaccuracy 
information  is  provided  as  INFO  5B  to  all  neighbors  lower  in  the 
timing  hierarchy  than  the  local  node. 

, The  combining  of  information  over  several  different  paths,  in  addi- 

j tion  to  providing  more  accurate  time  measurements  at  many  nodes 

I remote  from  the  master,  reducing  the  need  for  massive  reorganization 

i of  the  network  following  some  failures  as  required  when  using  only  the 

best  path,  also  provides  the  possibility  for  quantitative  evaluation 
{ of  the  fitness  of  the  timing  subsystem.  Since  each  time  error  measure- 

I ment  (the  term  measurement  as  used  here  includes  the  mathematical 

I combination  of  measurement  information  from  different  sources)  has  a 

I corresponding  estimated  inaccuracy,  these  time  error  measurements  and 

their  corresponding  inaccuracy  estimates  can  be  used  to  provide  a 
quantitative  alarm  system.  This  leads  to  rule  11. 

; Rule  11  Rule  5 provides  a set  of  error  measurements  for  the  local 

clock  based  on  information  from  each  neighboring  node.  Rule  6 pro- 
vides a corresponding  set  of  inaccuracies  for  these  error  measure- 
ments. Rule  9 provides  a combined  measurement  for  the  error  in  the 
local  clock.  Rule  10  provides  a corresponding  inaccuracy  for  the 
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combined  measurement.  The  combined  measurement  as  determined  by  rule 
9 is  subtracted  from  each  member  of  the  set  of  error  measurements 
determined  by  rule  5.  The  resulting  set  gives  the  difference  between 
each  individual  measurement  and  the  combined  measurement.  The  inaccu- 
racy (stated  as  a variance)  determined  by  rule  10  is  added  to  each 
member  of  the  set  of  inaccuracies  obtained  by  rule  6 (also  stated  as 
a variance)  and  the  square  root  of  each  member  of  this  set  is  taken 
to  obtain  a set  of  estimates  of  the  standard  deviations  of  the  clock 
error  measurements  based  on  information  from  each  neighbor  relative 
to  the  combined  clock  error  measurement.  Each  member  of  the  set  of 
differences  between  individual  measurements  and  the  combined  measure- 
ment is  divided  by  the  estimate  of  the  corresponding  standard  devia- 
tion to  obtain  a normalized  set  of  ratios.  The  lowest  level  alarm 
could  be  activated  when  the  ratio  reaches  2.  This  would  not  be  very 
significant  because  this  ratio  would  have  approximately  a 5%  proba- 
bility of  occurrence  in  a normally  operating  system.  A second  level 
alarm  when  the  ratio  reaches  3 should  be  quite  significant  since  its 
probability  of  occurrence  in  a normally  operating  system  should  be 
only  about  0.3%.  A third  level  alarm  when  the  ratio  reaches  4 should 
initiate  some  form  of  a problem  investigation  since  its  probability 
in  a normally  operating  system  should  be  less  than  0.01%.  A fourth 
level  alarm  when  the  ratio  reaches  5 should  initiate  definite  cor- 
rective action  since  its  probability  in  a normally  operating  system 
might  be  expected  to  be  less  than  one  in  a million. 

There  are  also  other  capabilities  for  checking  for  an  erroneous  infor- 
mation exchange.  For  example,  the  node  serving  as  master  should  refer- 
ence its  own  clock  and  inform  its  neighbors  that  there  are  zero  nodes 
between  itself  and  its  master.  Every  node  connected  directly  to  the 
master  should  inform  its  neighbors  that  it  has  one  link  between  it- 
self and  its  master.  If  any  neighboring  node  tells  the  master  that 
there  is  other  than  one  link  between  itself  and  the  master,  the  master 
can  interpret  this  as  detection  of  a problem.  For  every  node  in  a 
stabilized  operating  system,  either  each  neighboring  node  should  be 
reporting  the  same  number  of  links  between  itself  and  the  master  as 
the  local  node,  or  it  should  be  reporting  one  more  or  one  less  than 
the  local  node.  Any  node  receiving  a report  from  one  of  its  neighbors 
that  the  neighbor's  distance  from  the  master  differs  by  more  than  one 
from  the  local  node's  distance  from  the  master  has  detected  a problem 
that  should  either  cause  reorganization  of  the  network  or  other  cor- 
rective action. 

The  procedure  presented  here  for  providing  a very  good  time  reference 
distribution  through  a digital  communications  network  is  based  on  an 
assumption  that  the  different  paths  passing  the  time  reference  between 
two  nodes  are  independent,  i.e.,  do  not  share  any  of  the  same  trans- 
mission links.  Although  this  independence  does  not  always  exist,  the 
degradation  due  to  the  dependencies  that  do  exist  should  generally  be 
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acceptable.  It  is  this  assumption  of  independence  that  makes  it 
possible  to  provide  an  accurate  time  reference  distribution  through 
the  network  by  the  application  of  simple  procedures  and  calculations 
at  each  node  using  only  simple  information  from  neighboring  nodes. 

In  order  to  allow  fully  for  dependent  paths  through  the  network,  it 
would  be  necessary  to  keep  a record  of  all  dependent  paths  and  make 
the  necessary  information  available  at  every  location  where  a calcula- 
tion involving  a particular  dependent  path  is  made.  This  would  impose 
a very  great  increase  in  both  communications  and  computation  support 
to  the  timing  subsystem.  Because  of  the  extensive  increase  in  compu- 
tation and  communications  required  to  permit  full  consideration  of 
dependent  paths,  it  is  recommended  that  the  independence  assumption 
be  made  and  that  the  simple  procedures  described  above  be  applied  to 
obtain  improvements  over  time  reference  distribution  via  only  the 
best  path.  The  assumption  of  independent  paths  will  indicate  an 
apparent  accuracy  which  is  somewhat  greater  than  the  actual  accuracy. 
The  actual  accuracy  will  usually  lie  somewhere  between  the  accuracy 
obtained  using  only  the  best  path  and  the  accuracy  indicated  by  using 
the  above  rules.  One  method  of  partially  compensating  for  the  effect 
of  dependent  paths  might  be  to  select  a typical  network  arrangement 
using  typical  link  inaccuracies,  calculate  the  inaccuracy  at  each 
node  by  the  above  rules  and  also  calculate  it  taking  dependent  paths 
into  consideration.  The  average  difference  between  the  two  methods 
could  be  determined  for  each  level  in  the  hierarchy  and  stored  at 
every  node.  Then  this  average  value  for  the  local  node's  level  in 
the  hierarchy  could  be  added  to  the  value  obtained  using  the  set  of 
rules  above.  The  result  might  be  expected  to  be  statistically  more 
accurate  than  just  accepting  the  value  using  the  assumption  of  path 
independence  with  no  attempt  to  compensate. 

Table  I shows  the  inaccuracies,  expressed  as  variances,  for  the 
measurement  of  the  local  clock  errors  for  each  node  of  Figure  1 when 
node  A is  the  master  as  shown  in  Figure  2.  Table  II  shows  the 
inaccuracies  when  node  E is  the  master  as  shown  in  Figure  3.  These 
evaluations  were  obtained  using  the  link  inaccuracies  (expressed  as 
variances)  shown  in  Figures  2 and  3 by  applying  the  rules  given  above. 
The  application  of  the  rules  requires  that  the  Class  1 inaccuracy  at 
a node  is  obtained  from  the  Class  2 inaccuracies  of  nodes  higher  in 
the  hierarchy  than  the  local  node  while  the  Class  2 inaccuracy  at  a 
node  is  obtained  by  combining  the  Class  2 inaccuracies  of  neighboring 
nodes  higher  in  the  hierarchy  than  the  local  node  with  the  Class  1 
inaccuracies  of  neighbors  at  the  same  level  in  the  hierarchy  as  the 
local  node.  In  each  case  the  local  clock  error  measurement  with  Class 
2 inaccuracy  is  available  for  use  at  the  local  node.  As  observed  from 
the  tables,  the  local  clock  error  measurement  with  Class  2 inaccuracy 
is  nearly  always  more  accurate  than  that  obtained  using  the  best  path. 
Because  dependent  paths  were  not  taken  into  consideration  the  actual 
inaccuracy  is  probably  between  these  two. 
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TABLE  I.  ERROR  ESTIMATES  FOR 
NETWORK  OF  FIGURE  2 


Node 

Error  Estimate 
for  Time  Reference 
Via  Best  Path 

Class  1 

Error 

Estimate 

Class  2 

Error 

Estimate 

A 

0 

0.000 

0.000 

B 

2 

2.000 

1.333 

C 

1 

1.000 

0.652 

D 

2 

2.000 

1.333 

E 

1 

1.000 

0.833 

F 

1 

1.000 

0.750 

G 

3 

1.645 

1.243 

H 

2 

1.833 

1.833 

I 

3 

0.931 

0.647 

J 

2 

1.082 

0.618 

K 

3 

1.699 

1.123 

L 

4 

3.243 

1.473 
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TABLE  II. 


ERROR  ESTIMATES  FOR 
NETWORK  OF  FIGURE  3 


Node 

Error  Estimate 
for  Time  Reference 
Via  Best  Path 

Class  1 

Error 

Estimate 

Class  2 

Error 

Estimate 

A 

1 

1.000 

0.833 

B 

3 

2.833 

1.326 

C 

2 

4.000 

1.333 

D 

3 

2.833 

1 .086 

E 

0 

0.000 

0.000 

F 

2 

0.848 

0.693 

G 

4 

2.143 

1.193 

H 

1 

1.000 

1.000 

I 

3 

1.773 

0.850 

J 

2 

2.000 

2.000 

K 

2 

2.000 

1.440 

L 

3 

1.383 

1.383 
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--  DASHED  LINES  REPRESENT  BEST  TIME  REFERENCE  PATHS 

FIGURE  2.  EXAMPLE  NETWORK  OF  FIGURE  1 ARRANGED  IN 
A HIERARCHY  WITH  NODE  A AS  MASTER 
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A MICROPROCESSOR  DATA  LOGGING  SYSTEM  FOR  UTILIZING  TV 
AS  A TIME-FREQUENCY  TRANSFER  STANDARD 

D.  D.  Davis 

National  Bureau  of  Standards 
Boulder,  Colorado 


ABSTRACT 


The  TV  network  color  subcarriers  have  been  used  for 
several  years  as  frequency  transfer  standards.  Ad- 
ditionally, a time  transfer  method  using  TV  line-10 
is  presently  used  for  maintaining  clock  synchroniza- 
tion at  the  microsecond  level.  This  paper  describes 
an  NBS-developed  microprocessor  data  logging  system 
that  automates  both  functions  in  a relatively  inex- 
pensive package. 

Three  of  these  systems  are  in  routine  use  to  collect 
the  color  subcarrier  and  line-10  data  published  in 
the  NBS  Time  and  Frequency  Services  Bulletin.  Two 
additional  systems  are  used  to  monitor  the  station 
clocks  of  WWV/WWVB  and  the  GOES  satellite  clock  at 
Wallops  Island,  Virginia, 


BACKGROUND 


NBS  has  developed  several  techniques  that  allow  time  and  frequency  users 
to  calibrate  an  oscillator  using  the  TV  network  color  subcarriers  as 
transfer  standards  [1,2].  These  techniques  take  advantage  of  the  fact 
that  the  TV  networks  use  5 MHz  rubidium  or  cesium  standards  and  synthe- 
size the  color  subcarrier  by  using  the  ratio: 

3.5795'45'45...MHz  = ^ x 5 MHz 

User  equipment  starts  with  10,  5.  2.5,  or  1 MHz  and  synthesizes 
3. 5795^5. . .MHz  by  using  the  63/88  ratio.  The  locally  generated  3.58  MHz 
may  then  be  phase  compared  with  the  color  subcarrier  from  a TV  receiver 
using  one  of  several  techniques.  The  least  expensive  technique  uses  a 
colored  vertical  bar  on  the  TV  screen  as  a phase  indicator.  Since  the 
TV  networks'  rubidium  standards  are  offset  by  approximately  -3  x 10~® 
(30ns/sec) , the  user  must  adjust  his  oscillator  until  the  indicated 
phase  changes  380°  in  about  9-3  seconds.  A calibration  accuracy  of 
1 X I0"9  can  usually  be  achieved  in  a few  minutes,  limited  primarily  by 
the  user's  ability  to  accurately  time  the  phase  changes. 
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More  expensive  digital  calibrators  measure  this  "9-second"  beat  note 
period  and  compute  and  display  this  offset  on  the  TV  screen.  The 
standard  deviation  of  15-minute  averages  is  typically  less  than 

2 X 10'"  . 

In  order  to  provide  user  traceability  to  NBS,  we  measure  the  frequency 
offsets  of  the  six  primary  network  standards  (three  in  New  York  and 
three  in  Los  Angeles).  The  microprocessor  data  logging  systems  were 
developed  to  provide  the  capability  of  continuous  averaging  of  the 
color  subcarrier  offsets  on  up  to  four  channels.  A "line-10"  time 
transfer  capability  was  originally  included  to  allow  calibration  of  the 
reference  used  with  the  processor  on  Lookout  Mountain  (overlooking 
Denver).  Later,  we  switched  all  published  line-10  measurements  to 
Lookout  (where  continuous  network  microwave  feeds  are  avaiiable) 
because  one  of  the  local  network  stations  went  to  all  tape  delay. 
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Fig.  1-The  TV  line-10  time  transfer  technique 


The  "line-10"  time  transfer  technique  is  illustrated  in  figure  1. 

Two  cooperating  locations  are  in  common  view  of  a TV  station  or  net- 
work. Both  locations  start  their  time  interval  counters  at  an  agreed- 
upon  second,  and  the  counters  are  stopped  by  the  common  TV  signal, 
within  1/30  second.  The  difference  of  the  counter  readings  defines  the 
relationship  between  the  I pps  signals. 
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COUNT  A = 1 PPS(A)  - (t  + T ) 

d I U 


COUNT  B = 1 PPS(B)  - (t^  + T,„) 

b 1 0 

COUNT  A - COUNT  B = 1 PPS(A)  - 1 PPS(B) 

^ V ' 

CLOCK  DIFFERENCE  PROPAGATION 

PATP  DIFFERENCES 

The  counter  difference  includes  the  propagation  path  difference  between 
the  locations  and  the  T)q  source;  so  for  absolute  m.-;asurements , the  path 
must  be  ca 1 i brated--most  practically  with  a portable  clo,k.  If  the 
line-10  technique  is  to  be  used  only  to  measure  rate  differences  of  (A) 
and  (B),  absolute  measurements  are  not  required.  All  that  is  necessary 
is  to  determine  the  counter  differences  on  successive  days  or  weeks  to 
determine  the  relative  rates  of  the  two  clocks. 

LOGGING  SYSTEM  FUNCTIONS 

The  logging  system  performs  two  basic  functions:  It  averages  3.58  MHz 

fractional  frequency  offset  data  and  it  measures  line-10  time  difference 
readings.  These  functions  are  illustrated  in  figure  2 and  described 
below. 
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Fig.  2-Block  diagram,  3,58  MHz  fractional  frequency  measurements 


3.58  FRACTIONAL  FREQUENCY  OFFSET  MEASUREMENTS 

The  fractional  frequency  offsets  of  the  network  color  subcarriers  are 
measured  using  the  "beat  note"  method.  Network  video  is  applied  to  a 
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phase-locked  loop  to  regenerate  the  3-58  MHz  from  burst.  The  regener- 
ated network  3-58  MHz  and  a locally  synthesized  3*58  MHz  are  applied  to 
a balanced  mixer  phase  comparator.  The  resultant  beat  note  is  processed 
through  a low-pass  filter  and  Schmitt  trigger  to  recover  a square  wave 
of  the  beat  note.  The  beat  note  period  (nominal  10  seconds)  is  measured 
by  a ^4-digit  counter.  Each  time  a 10-second  measurement  cycle  is  com- 
pleted, the  processor  converts  the  time  measurement  "T"  into  an  offset 
value  by  dividing  "T"  into  a constant.  For  the  500-Hz  time  base  used, 
the  constant  required  is  1396825.  The  resultant  frequency  offset 
(6  digits)  is  checked  for  validity.  The  microprocessor  checks  the 
validity  as  foil ows : 


Each  network  has  a "screen  word"  stored  in  memory.  When  the  processor 
services  a channel,  it  fetches  the  screen  word  for  testing  the  validity 
of  the  measured  offset.  The  format  of  the  screen  word,  stored  in  random 
access  memory,  is: 


3 0 0 4 2 0 


2 0 0 


0 6 0 


0 1 9 


1 P 

WINDOW 

..-12 


10  P 
WINDOW 
..-12 


^HR 

WINDOW 

..-12 


300420  EXPECTED  x 10"1^ 

301430  MEASURED  x lo'  ^ 

1010 

101  X lO”'^  DIFFERENCE  IS  LESS  THAN  "IP"  - ACCEPT  DATA 

For  each  "10-second"  measured  offset,  the  measured  value  is  subtracted 
from  the  expected  offset.  The  difference  between  the  measured  and  ex- 
pected value  is  then  compared  to  the  "1  P"  window.  If  the  difference  is 
less  than  the  1 P window  (in  this  case  2 x 10“'0)^  the  data  is  accepted-- 
otherwise  it  is  discarded.  The  primary  purpose  of  the  1 P screening 
process  is  to  eliminate  outliers  caused  by  sudden  phase  jumps  of  the 
3.58-MHz  network  signals.  The  window  is  set  to  accept  at  least  98%  of 
all  valid  data  points. 

Two  additional  screening  processes  for  "10  P"  and  half-hour  averaged 
data  are  used  to  eliminate  any  data  that  may  originate  from  other  than 
the  network  primary  rubidium  standard.  The  final  half-hour  screening 
operation  only  accepts  data  that  is  within  ^ 1.9  x 10-''  of  the  expected 
value.  The  entire  screen  word  may  be  changed  by  keyboard  entry  to 
accommodate  different  expected  offsets  and  frequency  stabilities. 
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The  processor  acci,mulates  one-half  hour  averages  throughout  a full 
2^*  hours.  At  midnight,  the  processor  computes  the  daily  offset  average 
for  each  network  and  stores  this  average,  along  with  the  count  of  one- 
half  hour  samples  used  to  arrive  at  the  daily  average.  The  expected 
offsets  in  the  screen  words  are  also  compared  with  the  actual  daily 
averages  and  the  screens  are  either  incremented  or  decremented  by 
1 X 1 0" 1 2--un less  less  than  10  half-hour  samples  were  accumulated  for 
the  day,  in  which  case  the  screens  are  not  changed. 

Up  to  32  days  of  daily  averages  for  four  channels  are  stored  in  a "wrap- 
around" memory  for  recall  by  keyboard  command.  A printout  of  the 
Lookout  Mountain  data  for  eight  days  is  shown. 


CLOCK 


rHALF  HOUR 


YEAR 

DAY  1 Ml 

[NUTt 

TIME  OF  PRINTOUT: 

7 6 0 0 0 

0 0 3 1 3 3 12 

7 

ABCE 

CBSE 

NBCE 

TODAY'S  VALUES: 

29-2999. 70 

26-2998.55 

28- 3022 . 54 

YESTERDAY  : 

47-2999 . 82 

34-2998.60 

46-3022.77 

45-2999.79 

47-2998. 70 

46-  022.58 

45-2999. 71 

42-2998.86 

43-  1022.68 

45-2999 .97 

42-2998 .90 

43-3922.66 

44-3000.27* 

45-2998.69 

40-3022 . 79 

37-3000.30 

40-2998 . 50 

38-3022 . 39 

48-3000. 10 

47-2998.73 

43-3022.56 

OLDEST  DATA: 

45-2999.97 

32-2998 . 94 

35-3022.54 

I ^OFFSET  X 10'” 

NUMBER  OF  HALF-HOUR  SAMPLES 


*ABCE  CESIUM  STANDARD  WAS  ADJUSTED. 


Fig.  3-Eight-day  printout  of  data  from  Lookout  Mountain 


The  printout  of  daily  averages  provides  the  basic  data  needed  for  deter- 
mining the  frequency  offsets  of  the  network  subcarriers.  Also,  the 
number  of  half-hour  samples  indicates  how  much  network  programming  was 
available  on  a given  day.  However,  users  without  a similar  system  are 
not  likely  to  bother  to  accumulate  15  to  20  hours  of  data  averages  per 
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day.  Provision  was  therefore  made  for  readout  of  the  half-hour  averages 
in  the  form  of  differences  from  the  expected  value.  A typical  printout 
is  shown  below. 


CLOCK: 
SCREEN  WORD: 


1376000002803201 
ABCE  2999802000600198 


HALf-HOUR 

DIFFERENCES: 


+02+0i*+0l4+0A+**+**+**+08+**+**-00-00+09+0i*+08-01 
-01+0l*+01 -01 -00-05-04+08-02+05+03-01  + 1 0+01+07+05 
+01 +02+09+**+ 1 2-00-02+0 1+08+07+**+09+01 +02+03+** 


The  clock  indicates  the  time  of  printout;  that  is, 

1976  00000  280  32  0]^ 

YEAR  DAY  | MINUTE 

HALF-HOUR 


Each  two-digit  number  indicates  the  amount  by  which  the  actual  half- 
hour  average  differed  from  the  expected  value  in  the  screen  word 
(29998  X 10“'^)  in  parts  in  lo'^.  The  sign  preceeding  indicates  whether 
the  actual  value  was  higher  (+)  or  lower  (-)  than  the  expected  value. 

All  numbers  are  rounded  off  to  the  nearest  part  in  10'2.  That  is,  if 
the  difference  it  - 00.4  x 10”'2^  it  is  rounded  to  - 00,  + 00.5  x 10"'^ 
is  rounded  off  to  + 01.  A double  asterisk,  +**,  indicates  either  less 
than  900  seconds  of  valid  data  or  the  difference  is  greater  than  the 
10  P window  of  ;+  60  X 10“' 2. 

The  half-hour  difference  storage  is  "wrap  around"  so  the  data  are  always 
current  for  the  preceeding  48  half  hours.  By  reference  to  the  clock 
printout,  we  know  the  processor  is  working  in  half-hour  32  and  has 
already  updated  half-hour  31.  The  half  hours  are  counted  0 through  15 
on  the  first  line,  16  through  31  on  the  second  line,  and  32  through  47 
on  the  third  line,  with  "0"  indicating  midnight  to  12:30  a.m. 

The  availability  of  the  half-hour  difference  data  allows  us  to  tell 
when  the  network  was  on  the  primary  rubidium  and  whether  other  standards 
that  are  within  ;+  60  x 10"'^  were  used  for  program  origination.  In  the 
past  year,  only  NBC  East  Coast  has  used  a second  rubidium  that  was 
identifiable.  This  occurred  during  the  evening  hours  (8:00  - 10:00  EST) 
and  the  unit  differed  by  about  40  x 10"'2  from  the  primary  rubidium. 

Fractional  frequency  offset  stability  for  the  measured  data  show  con- 
sistent results  for  the  six  network  paths.  Typical  results  computed 
using  the  pair  variance  are  tabulated  below. 
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MtASUREO  AT  DfNVtR,  COLORADO 
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MEASURED  AT  ABC  HOLLYWOOD 
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■ 1 day 
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Fig.  4-Typical  measurement  results 

All  measurements  include  the  stability  of  the  frequency  standards  at 
each  end  of  the  measurement  path  except  for  the  ABCW  data,  where  a com- 
mon reference  is  used  within  the  plant.  The  value  for  ay(2,T){x  = 1 day) 
for  ABCW  is  therefore  representative  of  the  best  stability  to  be  ex- 
pected for  one-day  averages.  Although  we  do  not  infer  the  measured 
daily  stabilities  are  due  to  any  one  cause,  the  frequency  standards 
used  in  these  measurements  are  not  in  a we  1 1 -control  1 ed  environment. 

The  cesium  reference  on  Lookout  Mountain  (Denver)  is  located  in  a com- 
pletely enclosed,  unheated  equipment  room,  with  temperature  excursions 
of  at  least  20°C.  The  ABC  cesium  standards  are  in  air  conditioned 
equipment  rooms,  and  as  far  as  we  know,  so  are  the  CBS  and  NBC  rubidium 
standards . 

Fractional  frequency  offsets  for  the  network  color  subcarriers  are  pub- 
lished as  weekly  averages  in  the  monthly  NBS  Time  and  Frequency  Services 
Bulletin.  Uncertainty  for  the  published  weekly  averages  is  indicated  as 
^ 2 X 10"'2  for  ABCE  and  ABCW  and  4 x 10"'2  for  the  other  networks. 
These  uncertainty  estimates  allow  some  margin  for  frequency  drift  of  the 
network  rubidiums. 

The  feasibility  of  the  3.58  MHz  portion  of  the  microprocessor  data  log- 
ging system  has  been  proven  in  almost  one  year  of  on-line  operation  for 
the  Denver  and  Los  Angeles  units.  We  had  two  failures  of  741  opera- 
tional amplifiers  in  the  Los  Angeles  unit  (out  of  four  741 's  in  the 
unit).  The  problem  was  diagnosed  over  the  telephone  and  with  the  able 
assistance  of  the  ABC  technical  staff,  the  unit  was  repaired  without  a 
"service  call"  from  Boulder  to  Los  Angeles. 

LlNE-10  MEASUREMENTS 

Daily  line-10  readings  for  the  three  commercial  networks  are  published 
by  NBS  and  USNO  [4].  The  llne-10  method  has  demonstrated  a time  trans- 
fer capability  at  the  microsecond  level  on  continental  paths  [5]  and 
easily  provides  +0.1  ys  when  both  users  are  within  view  of  a common  TV 
transmitter.  The  primary  disadvantage  of  the  line-10  method  is  the 
necessity  of  making  measurements  at  a prescribed  second  on  each  network, 
each  day. 


The  microprocessor  data  logging  system  on  Lookout  Mountain  automates  the 
line-10  measurements  and  stores  up  to  eight  days  of  line-10  data  in  the 
following  format  (only  two  days  of  data  are  shown): 


imt  or  MEASURtMtNT,  UTC 


♦^0:2S:00 

20:31  00 

20:26:00 

20:32:00 

20:27:00 

20:33:00 

20:28:00 

20:36:00 

Al 

CBSt 

NBCE 

KMGH 

0?8(4^',3t4 

021^3283 

03057606 

02355350 

00006951 

02661371 

03015896 

02310001 

01216367 

OOSl'^lOS 

01628530 

00726275 

01 71266? 

01010206 

022/1690 

016666^7 

The  three  sets  of  network  measurements  are  made  directly  off  the  three 
network  microwave  feeds.  The  KMGH-TV  measurement  is  made  off  the  air 
and  is  used  to  calibrate  the  Lookout  Mountain  1 pps. 


kmGh 

0r,3S8'*30  O/ISOJCO 
022m/.8?7 


KMGH 

01032188  00326298 

00287755  02918578 


KMGH 

0I7059'*6  01000057 
00961506  00255662 


KMGH 

03021337  02315656 

022/6918  01571076 


Simultaneously,  a microprocessor  system  at  the  Boulder  Laboratories 
makes  measurements  using  the  UTC(NBS)  1 pps  as  reference. 


I 1/09 

I 1/08 

V 


ABCE 

28516.60  21693.91 
12226.58  09202.01 


CB5E 

30637  12  23616.58 

16366.21  07323.67 


V 

PUBl  ISHtD  1 INE-IO  VALUE'j 


NBCE 

00130.57  26676.79 

17185.53  10162.96 

7 


KMGH 

00056.63  00056.65 

00056.28  00056.29 

y 

riOCK 

CORRECT  IONS 


The  Boulder  processor  accepts  the  data  from  Lookout  over  a dial-up  data 
link,  uses  the  20:28  and  20:3^  KMGH  measurements  to  compute  the  Lookout 
clock  correction,  adds  a fixed  6.63  US  correction,  and  prints  out  the 
final  published  line-10  values.  A microprocessor  system  identical  to 
the  Boulder  unit  is  used  at  Ft.  Collins  to  reference  the  WWV  station 
clock  back  to  UTC(NBS). 

The  Boulder  and  Ft.  Collins  processors  measure  and  store  eight  line-10 
readings  each  day.  The  Ft.  Collins  unit  reduces  this  data  to  eight 
clock  difference  readings  per  day  for  eight  days. 

Both  the  Lookout-Boulder  and  Boulder-Ft.  Collins  processor  pairs  may  be 
used  in  an  "immediate”  line-lO  mode  to  determine  clock  difference 
readings.  A printout  of  two  sets  of  "immediate"  difference  readings 
between  Lookout  and  Boulder  is  shown  below. 
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IMMEDIATE  LINE-10  DIFFERENCE  READINGS  - MICROSECONDS  DIFFERENCE 


-ODDS'*. '♦A  -ODDS'*. '♦S  -ODDS'*. '*S  -ODDS'*. '*6  -ODDS'*. '*S  -ODDS'*. '*S 

-ODDS'*.'*'*  -ODDS'*. '*S  -ODDS'*. '*S  -ODDS'*. '*S  -ODDS'*. '*6  -ODDS'*. '*S 

To  obtain  these  readings  at  Boulder,  the  user  dials  up  the  data  line  to 

Lookout,  places  a switch  on  the  front  panel  of  the  Boulder  unit  in 

"line-IO  multiprocessor"  mode,  and  types  in  a '*-character  command.  The 
command  goes  from  the  keyboard  to  Lookout  and  is  "echoed"  back  to  the 
Boulder  processor.  The  Lookout  processor  responds  to  the  command  by 
sending  six  sets  of  line-lD  readings  on  six  successive  seconds  to  the 
Boulder  processor.  The  Boulder  processor  makes  simultaneous  line-lD 
readings,  computes,  and  prints  out  the  differences  as  shown. 

Single  reading  resolution  of  the  automated  line-lD  system  is  limited  to 
^ ID  ns  by  the  1 DD  MHz  time  base  in  the  associated  time  interval  count- 
ers. Long  term  stability  is  limited  by  variations  in  envelope  delay  of 
the  TV  tuners.  Periodic  comparison  of  the  automated  line-10  system  with 
a manual  back-up  system  indicates  a peak-to-peak  delay  variation  between 
the  units  of  1*0  ns.  Since  the  long  term  delay  variations  of  the  imple- 
mented line-10  systems  are  at  least  as  large  as  the  single  reading  reso- 
lution, no  attempt  has  been  made  to  improve  the  resolution  of  published 
line-10  data  by  averaging  multiple  readings. 

HARDWARE 

The  data  logging  system  was  designed  around  the  li-bit  INTEL  '*0'*0  micro- 
processor. Although  not  as  fast  as  later-generat ion  8-bit  machines,  it 
was  available,  relatively  inexpensive,  and  already  in  wide  use.  Figure  5 
is  a block  diagram  of  the  major  elements  in  the  Lookout  Mountain 
processor.  All  blocks  inside  the  dotted  lines  are  on  the  CPU  card. 

Three  types  of  memory  are  used:  20'*8  bytes  of  read  only  memory  for  the 

program,  lD2l*  bytes  of  read/write  (ram)  for  data  storage,  and  sixteen 
16-digit  ram  registers  for  arithemetic  scratchpad  operations. 

The  CPU  uses  a hardware  1 pps  1 ppm  clock  (:6D)  with  minutes,  hours, 
days,  and  months  counted  by  software.  Use  of  the  1 ppm  hardware  clock 
allows  the  processor  to  perform  relatively  long  Input/Dutput  (I/D) 
operations  without  missing  a software  clock  update. 

A "beat  note"  phase  compare,  k digit  time  interval  counter  is  provided 
for  each  of  the  three  networks.  Each  of  the  three  channels  uses  five 
integrated  circuits.  5 MHz  from  a cesium  standard,  synthesized  to 
3.58  MHz,  is  used  as  a reference  for  the  three  phase  compa>-t  channels. 


Fig.  5"Block  diagram  of  Lookout  Mountain  microprocessor  data 


I/O  operations  are  performed  at  300  bits/second  (30  characters/second), 
fu)l  duplex  through  a standard  RS-232  interface.  A local  printer/key- 
board may  be  plugged  into  this  interface;  however,  for  our  remote 
installations,  an  auto  answer  modem  is  used  with  a telephone  company 
data  access  arrangement  (Model  CBS  DAA) . 

Line-10  measurements  utilize  the  circuits  and  inputs  shown  at  the  bottom 
of  figure  5.  Stripped  sync  at  TTL  level  is  multiplexed  under  processor 
control  to  a line-10  indentif ication  circuit.  The  line-10  Ident  pro- 
vides a 30  pps  output,  coincident  with  the  trailing  edge  of  the  tenth 
line  horizontal  sync  pulse  of  field  one  (odd  field).  A 100-MHz  8-digit 
time  interval  counter  makes  the  line-10  difference  measurements  under 
CPU  control.  A battery  back-up  supply  (not  shown)  provides  up  to  two 
hours  of  operation  for  the  CPU  and  memory  In  case  of  power  failure. 

A photograph  of  the  CPU  card,  with  the  major  elements  identified,  is 
shown  in  figure  6. 

Figure  7.  i s a photograph  of  the  100-MHz  counter  used  in  the  system. 
Interface  of  the  counter  to  the  CPU  requires  four  data  and  three  control 
lines.  The  control  lines  are  "counter  reset",  "multiplex  clock"  (CPU^^ 
COUNTER),  and  "count  available"  (CPU COUNTER) . 

Each  of  the  five  data  logging  systems  now  in  use  has  a slightly  differ- 
ent configuration  for  both  hardware  and  software.  The  previously 
described  configuration  is  used  at  Lookout  Mountain.  The  system  at 
ABC  Los  Angeles  has  no  line-IO  capability  but  has  four  channels  for 
3.58-MHz  subcarrier  measurement  (ABCW,  CBSW,  NBCW,  ABCE).  The  system 
at  Wallops  Island,  Virginia,  has  three  channels  of  3*58  MHz,  three 
channels  for  line-10,  and  five  channels  for  measuring  the  time  differ- 
ence between  the  naster  1 pps  and  other  1 pps  system  inputs.  The 
systems  at  Boulder  and  Ft.  Collins  (WWV)  measure  line-10  only,  with  no 
3.58-MHz  capability. 


LOOKOUT  MTN. 


3 - 3.58  MHz 

4 - LINE  10 


ABC,  L.A. 


^ - 3.58  MHz 
0 - LINE  10 


WALLOPS  ISLAND 

3-3.58  MHz 
3 - LINE  10 
5 - 1 PPS 


BOULDER  - 
FT.  COLLINS 


0 - 3.58  MHz 

1 - LINE  10 


CONFIGURATION  OF  5 SYSTEMS 
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Fig.  6-Photograph  of  microprocessor  card  with 
functional  elements  identified 
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VPX 

COUNTER 


SOFTVARE 


The  programs  used  in  the  data  logg 
year  period.  The  first  program  wa 
only  color  subcarrier  data.  About 
and  assemble  it  by  hand.  The  prog 
Since  each  I702A  stores  256  bytes, 


ing  systems  were  developed  over  a two- 
s about  1500  bytes  long  and  processed 
two  man-months  were  required  to  write 
ram  is  stored  in  eight  1702A  EPROMS, 
a total  of  20A8  bytes  were  available. 


The  prototype  system  was  operated  for  approximately  one 
Boulder  Laboratories.  Program  modifications  were  then 
rate  the  line-10  function.  This  increased  the  program 
1900  bytes  and  required  another  man-month  for  assembly 
Minor  modifications  of  this  "master"  program  tailor  it 
requirements  at  each  location. 


year  at  the 
added  to  incorpo- 
size  to  about 
of  the  program, 
to  the  unique 


Since  a complete  annotated  listing  of  the  software  is  over  60  pages  long, 
it  is  not  included  in  this  paper.  Anyone  interested  may  obtain  compre- 
hensive documentat  Icr.  of  the  hardware  and  software  by  writing  to  the 
Time  and  Freauency  Services  Section,  National  Bureau  of  Standards, 
Boulder,  CO  80302. 


CONCLUSION 


The  microprocessor  data  logging  systems  described  in  this  paper  have 
proven  to  be  reliable  and  relatively  trouble  free.  Measurement  stabil- 
ity of  ay(2,T)(x  = 1 day)  of  less  than  2 x 10”'2  worst  case  for  the  color 
subcarrier  data  is  sufficient  for  most  applications.  Operational  use 
bet'veen  Boulder-Ft.  Collins  and  Boulder-Wallops  Island  have  demonstrated 
the  system  works  well  in  "real  world"  on-line  applications.  If  interest 
warrants,  NBS  would  consider  making  the  on-line  (dial-up)  link  available 
for  general  use.  Users  with  similar  systems  could  then  obtain  immediate 
subcarrier  and  line-10  data  without  manual  data  reduction  from  the 
monthly  NBS  Time  and  Frequency  Services  Bulletin. 
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THE  ATOMIC  HYDROGEN  MASER* 


Nomian  F.  Ramsey 
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ABSTRACT 


The  basic  principles  of  the  atomic  hydrogen  maser  will 
be  described.  Since  a hydrogen  maser  emits  a highly 
stable  radio  frequency  signal,  it  can  be  used  not  only 
for  accurate  atomic  measurements  but  also  in  other 
fields,  such  as  navigation  and  radio  astronomy  where 
a highly  stable  clock  is  required.  Results  of  hydro- 
gen maser  measurements  are  given. 


INTRODUCTION 

The  atomic  hydrogen  maser  depends  on  hyperfine  transitions  of  atomic 
hydrogen  in  its  electronic  ground  state. 

The  energy  levels  of  atomic  hydrogen  in  its  electronic  ground  state  are 
shown  in  Fig.  1.  In  weak  magnetic  fields  the  higher  energy  F = 1 states 
correspond  to  the  electron  and  proton  spins  being  parallel  while  the 
spins  are  antiparallel  in  the  F = 0 state.  With  the  hydrogen  maser  the 
transitions  between  the  various  hyperfine  energy  levels  of  Fig.  1 have 
been  studied  under  various  conditions. 

The  Hydrogen  Maser 

The  atomic  hydrogen  maser  was  first  developed  at  Harvard  University  by 
Kleppner,  Goldenberg,  and  Ramsey  [1-4].  A schematic  diagram  of  the 
hydrogen  maser  is  shown  in  Fig.  2.  Since  ordinary  hydrogen  that  comes 
in  a storage  tank  is  molecular  hydrogen  (H2)  rather  than  atomic  hydro- 
gen (H),  it  s first  necessary  to  convert  the  molecular  hydrogen  to  the 
atomic  form.  This  is  done  by  admitting  the  molecular  hydrogen  into  a 
small  quartz  or  Pyrex  bulb  which  forms  the  atomic  hydrogen  source. 

This  bulb  is  surrounded  by  a coil  of  wire  which  is  excited  with  a stan- 
dard radio-frequency  oscillator  such  as  is  used  in  a small  radio  broad- 
casing station.  The  oscillating  field  from  this  coil  establishes  a gas 
discharge  in  the  bulb  similar  to  the  familiar  gas  discharge  in  a neon 
advertising  sign.  In  this  gas  discharge  the  molecules  of  hydrogen  are 
broken  up  into  atoms,  and  most  of  what  emerges  from  a small  hole  in  the 
source  bulb  is  atomic  hydrogen. 

The  atoms  of  hydrogen  emerge  into  a vacuum  region  which  is  exhausted  to 
a low  pressure  (less  than  10“®  Torr).  In  such  a low-pressure  region 
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Fig.  1.  Atomic  hydrogen  hyperfine  structure  showing  the  dependence  of 
the  energy  levels  on  the  strength  of  an  external  magnetic  field.  The 
heavy  arrow  indicates  the  transition  ordinarily  used  in  stable  atomic 
hydrogen  oscillators. 


Fig.  2.  Schematic  drawing  of  atomic  hydrogen  maser 


the  atoms  will  travel  in  straight  lines  unless  acted  upon  by  a force.  In 
particular,  some  of  the  atoms  will  go  straight  through  the  state  selec- 
tor magnet,  as  shown  in  Fig.  2.  Tne  state  selector  magnet  has  six  po'ies, 
half  on  which  are  north  poles  and  half  south  poles,  arranged  as  shown 
schematically  in  the  cross  section  in  the  upper  portion  of  Fig.  2.  By 
symmetry,  the  magnetic  field  must  be  zero  on  the  exact  central  axis  of 
the  magnet.  On  the  other  hand,  if  the  atom  goes  slightly  off  the  central 
axis,  the  magnetic  field  will  rapidly  increase.  Consequently,  then 
energy  of  the  atom  will  change  when  it  is  off  axis.  If  the  atom  is  in 
the  F = 0 state,  its  magnetic  energy  will  decrease  as  the  atom  gets 
farther  off  the  axis  as  can  be  seen  from  Fig.  1.  Since  atoms  prefer  to 
go  in  the  direction  where  the  energy  is  lower,  an  atom  of  hydrogen  in  the 
F = 0 state  which  is  off  the  central  axis  will  be  subject  to  a force 
pulling  it  still  farther  off  the  central  axis.  Therefore,  such  atoms 
will  be  defocused  by  the  state  selector  magnet.  On  the  other  hand,  the 
energies  of  the  Mp  = + 1 and  0 states  for  atoms  with  F = 1 increase  as 
the  atom  gets  farther  off  the  axis.  Consequently,  the  force  on  it 
pushes  it  back  toward  the  axis;  i.e.,  it  is  focused.  The  dimensions  of 
the  magnet  are  selected  in  such  a fashion  that  the  F = 1 atoms  are 
focused  on  a small  hole  in  a 6-in.-diam  Teflon-coated  quartz  storage 
bulb. 
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As  a result  of  the  above  focusing  action  on  the  F = 1 state  and  the  de- 
focusing  action  on  the  F = 0 state,  the  quartz  bulb  is  dominantly  fil- 
led with  atoms  in  the  higher-energy  F = 1 state.  The  bulb  is  also  sur- 
rounded by  a microwave  cavity  tuned  to  the  1420-MHz  frequency,  charac- 
teristic of  atomic  hydrogen.  Since  the  atoms  in  the  bulb  are  dominantly 
in  the  higher-energy  state,  this  arrangement  satisfies  all  the  require- 
ments for  maser  amplifications.  Indeed,  such  a device  can  be  used  as 
an  amplifier.  Moreover,  if  the  amplification  is  sufficient  it  can  also 
be  a self-running  oscillator.  It  is  easy  to  see  how  oscillation  can  be 
established  in  such  a device.  If  there  is  a weak  noise  signal  present 
at  the  appropriate  1420-MFIz  frequency,  stimulated  emission  will  exceed 
absorption  and  the  original  signal  will  be  amplified  to  a larger  one 
which  will  be  further  amplified.  The  signal  will  thus  get  bigger  and 
bigger  up  to  the  point  where  most  of  the  energy  being  brought  into  the 
bulb  by  the  atoms  in  the  higher-energy  state  is  absorbed.  At  this  con- 
dition an  equilibrium  steady-state  oscillation  will  be  established. 
Although  the  power  in  the  oscillation  is  quite  weak  --  about  10"^^  W -- 
the  oscillation  is  highly  stable  and  is  concentrated  in  an  unprecedent- 
ly  narrow  frequency  band.  Consequently  the  signal  can  easily  be  seen 
despite  its  low  total  power.  Ordinarily  the  atoms  are  stored  in  the 
bulb  for  about  one-third  of  a second,  during  which  time  each  atom  makes 
over  10,000  collisions  with  the  wall  of  the  containing  vessel. 

An  electrical  coupling  loop  is  inserted  into  the  cavity  so  that  some  of 
the  microwaves'  oscillatory  power  can  be  coupled  out  for  observation. 

The  signal  that  emerges  from  such  a maser  proves  to  be  unprecedentedly 
stable.  This  highly  stable  signal  provides  the  basis  for  the  experi- 
ments which  will  be  described  in  the  latter  portion  of  the  present  re- 
port. 

A photograph  of  a hydrogen  maser  is  shown  in  Fig.  3.  The  entire  device 
is  about  4 ft.  tall.  The  vertical  cylinders  are  vacuum  pumps,  and  the 
large  cylinder  with  a horizontal  axis  is  the  tuned  microwave  cavity. 
Inside  that  cylinder  is  the  Teflon-coated  quartz  bulb  containing  atomic 
hydrogen  dominantly  in  the  high-energy  F = 1 hyperfine  state.  In  nor- 
mal use  the  microwave  cavity  is  further  surrounded  by  three  successive 
concentric  layers  of  molypermal loy,  which  shields  the  apparatus  from 
the  magnetic  disturbances  in  the  room. 

A photograph  of  the  six-pole  focusing  magnet  used  in  the  hydrogen  maser 
is  shown  in  Fig.  4.  The  six  Alnico  magnets  are  shown  in  the  photograph. 
The  poles  of  the  magnets  alternate  successively  north  and  south.  The 
atomic  beam  goes  along  the  axis  of  the  cylinder. 

The  unprecedentedly  high  stability  of  the  maser  microwave  oscillation 
arises  from  a combination  of  four  desirable  features,  all  of  which 
contribute  to  increased  stability.  These  factors  include: 
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Fig.  4.  Photograph  of  six  pole  focusing  magnet 


(a)  The  atoms  reside  in  the  storage  bottle  for  a much  longer  period  of 
time  than  the  atoms  remain  in  a normal  molecular  beam  apparatus.  Con- 
sequently the  characteristic  resonance  line  is  much  narrower  and  the 
output  signal  is  more  stable,  since  the  peak  of  a narrow  line  can  be 
much  more  accurately  located  than  the  peak  of  a broad  line.  The  narrow- 
ing of  the  line  is  just  that  to  be  expected  from  the  Heisenberg  Uncer- 
tainty Principle.  According  to  this  principle,  a longer  observation 
time  makes  possible  a narrower  resonance  and  consequently  a more  stable 
frequency.  The  narrowness  of  the  resonance  also  diminishes  the  pulling 
of  the  maser  frequency  by  any  mistuning  of  the  microwave  cavity;  in 
addition  the  cavity  can  be  accurately  tuned  by  adjusting  its  tuning  to 
be  such  that  the  output  frequency  is  independent  of  the  intensity  of 
the  beam  of  hydrogen  atoms  [3,51.  It  has  been  shown  by  Crampton  [5] 
that  this  method  of  cavity  tuning  eliminates  the  effect  of  a spin  ex- 
change frequency  shift  except  for  a small  measurable  shift  of  a few 
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parts  in  10' due  to  the  change  in  hyperfine  frequency  during  the  time 
of  the  col  1 ision  (51 . 

(b)  The  atom  is  relatively  free  and  unperturbed  while  radiating,  un- 
like an  atom  in  a resonance  experiment  using  liquids,  solids,  or  gases 
at  relatively  high  pressure.  Consequently,  all  atoms  will  have  the  same 
characteristic  frequency,  and  the  resultant  resonance  will  not  be  broad- 
ened as  it  would  be  if  it  consisted  of  a superposition  of  a number  of 
resonance  at  slightly  different  frequencies.  Unfortunately  the  atoms 

of  hydrogen  are  not  totally  free,  since  they  must  collide  at  intervals 
with  the  Teflon-coated  wall  of  the  storage  bulb.  This  produces  a shift 
in  the  maser  frequency  of  about  2 parts  in  10".  This  correction,  how- 
ever, can  be  experimentally  determined  by  observing  the  frequency  of 
the  output  with  bulbs  of  two  different  sizes  and  then  by  extrapolating 
to  a bulb  of  infinite  diameter  as  discussed  later  in  greater  detail. 

(c)  A f..rther  advantage  of  the  hydrogen  maser  is  that  the  first-order 
Doppler  shift  is  greatly  reduced.  With  the  very-narrow-1 ine  character- 
istic of  the  atomic  hydrogen  maser,  the  relevant  quantity  for  the 
Doppler  shift  is  the  ratio  of  the  ay^ra^  velocity  of  the  hydrogen  atom 
to  the  velocity  of  light.  Since  the  hydrogen  atoms  enter  the  storage 
bulb  through  a small  hole,  and  then  stay  in  the  storage  bulb  for  about 

1 sec.  before  finally  emerging  from  the  same  hole,  the  average  velocity 
is  zero,  or  close  to  zero.  Consequently  the  first-order  Doppler  shift 
is  completely  negligible.  There  is  a small  second  order  Doppler  shift 
due  to  the  relativistic  slowing  down  of  any  moving  clock  or  oscillator. 
Since  the  second-order  Doppler  shift  depends  upon  the  velocity  squared, 
it  is  not  averaged  to  zero  while  the  atom  is  in  the  bulb.  On  the  other 
hand,  the  second-order  Doppler  shift  is  a correction  that  can  be  ex- 
actly calculated  if  the  temperature  and  hence  the  mean  square  velocity 
of  the  atom  is  accurately  known. 

(d)  A final  advantage  that  contributes  to  the  high  precision  of  the 
atomic  hydrogen  maser  is  the  low-noise  characteristic  of  maser  ampli- 
fication. Since  the  amplifying  element  is  an  isolated  simple  atom, 
there  is  little  opportunity  for  any  extra  noise  to  develop  beyond  the 
theoretical  minimum  noise.  As  a result,  the  maser  is  a very-low-noise 
amplifier,  and  the  oscillation  will  be  much  more  stable  since  the  fre- 
quency is  less  likely  to  drift  to  a nearby  noise  peak. 

For  the  above  four  reasons  the  hydrogen  maser  frequency  should  be  very 
stable.  This  prediction  has  been  confirmed  experimentally  and  the 
stability,  as  measured  by  the  Allan  variance,  is  about  2 x 10"'^.  For 
many  experiments  stability  is  all  that  is  required  for  the  desired 
measurements.  On  the  other  hand,  often  the  observer  wishes  to  know  the 
absolute  rate  of  the  oscillation  in  terms  of  those  of  a totally  free 
hydrogen  atom.  In  such  cases  the  correction  for  the  wall  shift  must 
be  known.  This  correction  can  be  determined  by  making  measurements 
with  storage  bulbs  of  two  different  sizes,  the  necessity  for  making  the 


correction  usually  degrades  the  accuracy  and  a further  degradation  of 
the  accuracy  of  absolute  measurements  come  from  the  necessity  of  mea- 
suring the  cesium  hyperfine  structure  as  the  standard  of  time.  The  wall 
shift  correction  can,  however,  be  made  more  reliably  if  a single  storage 
bulb  is  used  whose  shape  can  be  deformed  to  change  the  ratio  of  the 
surface  area  to  the  volume,  as  discussed  further  in  section. 

Large  Storage  Box  Hydrogen  Maser 

In  the  previous  discussion  it  has  been  mentioned  that  the  principal 
source  of  uncertainty  in  the  hydrogen  maser  measurements  arises  from 
the  necessity  of  making  a wall  shift  correction  for  the  effect  of  the 
wall  upon  the  hydrogen  atom  when  the  atom  is  in  the  vicinity  of  the 
wall.  Although  this  correction  can  be  made  by  extrapolating  results  on 
masers  with  a different  sized  storage  bulbs,  the  uncertainty  in  the 
determination  of  the  wall  correction  remains  the  principal  source  of 
uncertainty  in  many  of  the  maser  measurements.  Zitzewitz  [11,121  and 
Vessot  [13]  are  undertaking  experiments  to  reduce  this  uncertainty  by 
finding  a wall-coating  material  that  is  superior  to  Teflon.  So  far, 
however.  Teflon  remains  the  best  wall-coating  substance. 

An  alternative  means  of  reducing  the  effect  of  the  wall  shift  has  been 
accomplished  by  Uzgiris  [lOl  in  our  laboratory.  He  has  constructed  a 
maser  with  a storage  box  that  is  ten  times  larger  in  diameter  than  the 
normal  6-in.-diam.  storage  bulb.  Since  the  atom  will  strike  the  wall 
only  one-tenth  as  frequently  in  such  a storage  box,  the  wall  shift  will 
be  ten  times  less.  In  addition,  a longer  total  storage  time  can  be 
arranged,  which  makes  the  resonances  even  sharper. 

A schematic  diagram  of  the  large  storage  box  hydrogen  maser  is  shown  in 
Fig.  5.  The  arrangement  of  this  maser  is  necessarily  different  from 
that  of  previous  hydrogen  masers  and  a number  of  new  principles  invol- 
ved. In  particular  the  cavity  can  no  longer  surround  the  entire  stor- 
age box,  since  the  wavelength  of  the  radiation  is  small  compared  to  the 
diameter  of  the  storage  box.  However,  an  equally  narrow  resonance  is 
obtained  if  the  cavity  in  which  the  maser  oscillation  occurs  surrounds 
only  a portion  of  the  storage  box,  provided  the  atoms  make  a number  of 
transits  between  the  small  storage  box  and  the  large  box  before  finally 
exiting  through  the  entrance  cavity  of  the  large  box.  Since  the  atoms 
are  in  the  region  of  the  cavity  only  for  a very  short  period  of  time, 
it  is  necessary  to  have  a higher  level  of  excitation  than  would  occur 
from  simple  spontaneous  maser  oscillation.  As  a result  two  cavities 
are  used,  each  surrounding  a small  portion  of  the  storage  box  and  about 
80  dB  of  amplifier  gain  is  provided  between  the  two  cavities.  In  this 
manner  the  atoms  are  placed  in  a superradiant  state  by  the  intense 
oscillations  in  the  high-level  driving  cavity  and  are  thereby  able  to 
produce  spontaneous  maser  oscillation  in  the  low-level  cavity,  which  in 
turn  is  amplified  to  the  high-level  driving  cavity. 
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TffLON  CO«TfO  STOR»GE  BOI 
(60’  DIAMfTES  AfD  6C  LONG) 


Fig.  5.  Schematic  diagram  of  large  box  hydrogen  maser 


Wall  and  Gas  Collisions 

Zitzewitz  and  Ramsey  [11,12)  have  studied  the  Teflon  wall  shifts  at  dif- 

iferent  temperatures  with  the  results  shown  in  Fig.  6.  One  interesting 

result  was  the  observation  that  at  about  80°C  the  wall  shift  passes 
j from  positive  to  negative  values  and  consequently  vanishes  at  the  cross- 

j ing  temperature.  This  feature  is  of  value  in  maser  experiments  that 

I are  limited  by  the  wall  shift.  Zitzewitz  [11,12]  also  found  that  the 

I abrupt  changes  with  temperature  in  the  slope  of  the  wall  shift  curve  in 

Fig.  6 are  correlated  to  known  phase  changes  in  Teflon. 

Until  recently  all  frequency  shifts  due  to  wall  collisions  were  measured 
by  extrapolation  with  the  use  of  Tef lon-caoted  storage  bulbs  of  dif- 
ferent diameters.  However,  Zitzewitz,  Uzgiris,  and  Ramsey  [11]  showed 
« that  the  accuracy  of  this  extrapolation  was  reduced  by  the  differences 

in  the  wall  coatings  on  the  different  bulbs.  Brenner  [14]  pointed  out 
that  this  difficulty  could  be  overcome  by  the  use  of  a single  flexible 
storage  bulb  whose  volume  could  be  altered  while  keeping  the  same  sur- 
face. This  technique  was  further  developed  by  Debely  [15]  who  used  a 
storage  cylinder,  one  of  whose  ends  was  a thin  conical  sheet  of  Teflon 
which  could  be  in  either  of  the  two  positions  shown  in  Fig.  7.  With 
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Fig.  6. 


Experimental  phase  shift  per  col 


ision  versus  temperature 
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Fig.  7.  Deformable  bulb  H maser  [151.  The  conical  surface  can  be  in 
the  positions  indicated  by  the  full  or  dashed  lines. 


this  deformable  bulb  technique  the  wall -shift  measurements  are  all  made 
on  the  same  surface. 

Reinhardt  (16]  has  adapted  this  deformable  bulb  technique  to  the  large 
box  hydrogen  maser  by  using  the  configuration  shown  in  Fig.  8.  An  al- 
ternative to  the  use  of  the  deformable  bulb  technique  has  been  suggested 
by  Vessot  [13]  who  has  proposed  operating  a hydrogen  maser  at  the  tem- 
perature where  the  wall  shift  vanishes  [12]  and  using  the  deformable 
bulb  to  locate  that  temperature  experimentally,  i.e.,  to  operate  at  the 
temeprature  for  which  the  output  frequencies  are  the  same  in  the  two 
different  deformable  bulb  configurations.  Peters  has  used  a variable 
volume  maser  in  the  form  of  a bellows. 

Bender  [18]  first  pointed  out  that  spin  exchange  collisions  of  hydro- 
gen atoms  might  produce  a significant  frequency  shift  in  the  hydrogen 
maser,  but  Crampton  [19]  noted  that  the  normal  tuning  technique  would 
cancel  out  such  an  effect.  Later  Crampton  pointed  out  the  existence 
of  a smaller  additional  spin  exchange  effect  that  would  not  be  cancel- 
led by  the  normal  tuning  method.  This  effect  was  omitted  in  earlier 


198 


Fig.  8.  Large  storage  box  H maser  with  deformable  bulb  for  measurement 
of  wall  shift  [16] . 


theories  due  to  their  neglect  of  the  contribution  of  the  hyperfine  in- 
teraction during  the  time  of  the  short  duration  of  the  collision. 
Crampton  developed  a technique  for  measuring  the  spin  exchange  effect. 
Crampton  also  pointed  out  the  existence  of  a small  frequency  shift  due 
to  magnetic  field  inhomogeneities;  this  small  shift  is  often  called  the 
Crampton  effect.  Both  of  these  effects  are  so  small  they  did  not  effect 
past  measurements  and  they  can  be  further  reduced  by  suitable  apparatus 
design. 

Appl ications 

The  hydrogen  maser  has  been  used  both  for  precision  measurements  of  the 
properties  of  the  hydrogen  atom  and  its  isotopes  and  as  a highly  stable 
clock  when  other  quantities  are  measured. 

Some  of  the  principal  results  of  measurements  of  the  properties  of  the 
hydrogen  atom  are  given  in  Fig.  9. 
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ATOMIC  'h,  ^D,  and 

Avh  = 1,420,405,751.7680  t 0.0015  Hz 

327,384,352.5222  t 0.0017  Hz 

Ai/j=  I,  516,  701,470.7919  ♦ 0-0071  Hz 

/xp=  0.00152103221  (2) 

Bohr  magnetons 

/ij  (H)//ij(D)  = 1.00000000722(10) 

/xj  (H)//ij  (T)  = 1.0000000107(20) 


Fig.  9.  Some  results  of  maser  measurements  of  atomic  hydrogen  (H), 
deuterium  (D)  and  tritium  (T).  Au  is  the  hyperfine  separation  of  the 
atom,  Mp  is  the  magnetic  moment  of  the  proton  and  mj  is  the  magnetic 
moment  of  the  indicated  atom. 


The  hydrogen  maser  has  been  used  extensively  as  a high  stability  clock 
in  long  base  line  interferometry  in  radio-astronomy.  It  has  also  been 
used  in  various  radio-astronomy  tests  of  the  theory  of  relativity. 

Vessot  (21)  has  recently  used  a hydrogen  maser  in  a high  altitude  rocket 
to  test  the  equivalence  principle  in  the  theory  of  relativity. 
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INTRODLCTIUN 

The  principal  elements  of  a NASA  field  operable  hydrogen  maser  are  shown  in 
Fignrc  1.  Tliis  paper  will  not  dwell  on  the  detiuls  of  NASA  hydrogen  masers, 
this  has  been  discussed  elsewhere.  Instead,  this  pa|x^r  will  discuss  the 

design  principles  involved  in  two  important  aspects  of  NASA  hydrogen  masers: 
the  elongated  microwave  cavity  and  storage  bulb  and  the  use  of  automatic  flux 
tuning. 


ELONGATED  DESIGN 

The  elongated  design  has  many  advantages.  Cavity  and  bulb  elongation  tends  to 
reduce  magnetic  inhomogeneity  effects,  improves  operating  parameters,  and 
increase  the  mierowave  cavity's  mechanical  stability.  The  reduction  of  inliomo- 
geneity  effects  is  caused  by  the  stretching  out  along  the  longitudinal  direction  of 
botii  the  cavity  field  lines  and  the  storage  bulb.  The  principal  advantages  of  the 
elongated  design  for  improved  operating  parameters  comes  from  the  increased 
bulb  volume  and  the  increased  filling  factor,  17'. 

An  elongated  storage  bulb  has  a larger  volume  than  a spherical  storage  bulb  with 
the  same  wall  collision  rate.  This  increases  the  efficiency  with  whicli  hydrogen 
atoms  are  focussed  into  the  storage  bulb  because  the  larger  bulb  volume  ;illows 
the  use  of  a bulb  collimator  with  a larger  entrance  a}x;rture  to  aciueve  the  same 
bulb  escape  time. 

The  filling  factor,  rj',  is  an  important  parameter  in  determining  maser  per- 
formance. Figure  2 show's  the  optimum  rj'  as  a function  of  cavitj'  elongation 
for  various  storage  bulb  shapes.  The  storage  bulb  shapes  are  shown  in  Figure 
3.  For  a rounded  cylindrical  bulb  in  a two  to  one  cavity,  optimum  77'  is  0.  511. 
This  represents  a 32%  improvement  over  a sphertcal  bulb  in  a one  to  one  cavity 
which  has  an  optimum  17'  of  0.387.  Notice  also  that  even  for  a one  to  one  cavity  , 
the  rounded  cylindrical  bulb  yields  an  optimum  ry'  of  0.  46T  which  is  19%  better 
than  that  of  a spherical  bulb. 

To  aid  others  in  making  their  own  ry'  calculations,  the  authors  have  collected 
some  of  the  equations  and  results  of  their  ry'  calculations  in  the  /Appendix  to  tins 
paper. 
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1'1k‘  1‘longaU'd  cavit>'  oilers  another  advantage  (x'sides  improved  p':  rt  cluced 
sensitivity  to  end  plate  motion.  Figure  -1  shows  the  sensitivity  ol  the  Irequeney 
ol  a TF|)i  I cavity  at  1.42tillz  to  changes  in  cavity  length.  The  length  sensitiv- 
ity ol  a two  to  one  cavity  is  about  3 MUz/ineh,  a factor  ol  ten  simdlcr  than  the 
3U.Mllz/inch  sensitivity  ol  a one  to  one  cavity.  Retliiced  end  plate  sensitivitj'  is 
important  oecause  mi'chanical  instability  problem ■>  such  as  creep  at  joints,  dil- 
ferentiid  expansion  eflects,  ;md  ambient  jn’essurc  sensitivity  etteet  the  cavity 
Irequeney  through  end  plate  motion. 

AI  TOMATIC  FlAX  Tl  NINC. 

Automatic  Flux  Tuning  or  autotuning  is  used  to  keep  tlie  microwave  cavity  in  a 
hydrogen  maser  tuned  wliile  tlie  maser  is  operating.  When  the  flux  ol  atoms  in 
a hydrogen  maser  is  changed,  the  maser's  output  frequency  will  change  in  jjro- 
portion  t<j  the  mistuning  ol  tlie  microwave  cavity.  An  autotuner  utilizes  ttiis 
cliange  as  an  error  signal  in  a servo  loop  to  keeji  tlie  cavity  tuned.  There  are 
two  types  of  autotunei , a [iroportiomd  type  wliich  utilizes  tlie  magnitude  ol  the 
freciiieney  change,  and  a sign  averager  ty|)t'  which  only  utilizes  the  sign  of  the 
frequency  ciuuige.  The  sign  averager  tyjx;  is  used  in  the  NP  masers  and  lias 
Ix'cn  eliscussed  in  a previous  paixr.'^  Present  NASA  masers  use  the  propor- 
liomd  tyjje.  The  present  discussion  will  be  limited  to  this  type. 

The  block  diagram  ol  a proportioiud  autotuner  is  shown  in  Figure  5.  The  con- 
trol register  continuously  steps  the  hydrogen  maser  between  liigli  luid  low  flux 
and  measures  the  change  in  maser  Irequeney  against  a reference  oscillator. 

The  control  register  output  in  a pi'oportional  autotuner  is: 

:(K-n  n, 

AN  = y -t  — 

K K + I ) r 

where  K is  the  tuning  factor,’’  y is  the  average  maser  Iractionid  frequency  off- 
set, r is  tlie  resolution  ol  the  register,  and  n,  is  the  measurement  noise.  'The 
control  register  outputs  AN  every  T^^  seconds.  In  a well  designed  system,  most 
ol  T„  is  spent  measuring  the  diflerence  in  frequency,  tyiiically  ol  Tjj,  witli 
the  rest  ol  tlie  time  used  to  idlow  tlie  maser  to  stabilize  after  tlie  eluuige  in  Ilux. 
'Tills  is  important  because  amplitude  to  jihase  conversion  in  the  maser  receiver 
can  lead  to  aj)|jarent  Irequeney  sliilts  wiiile  the  maser  amplitude  is  still  settling. 
In  a [iracticid  system,  it  is  useful  to  limit  the  size  ol  AN  to  keep  large  noise 
transients  Ironi  detuning  the  maser.  'The  measurement  noise,  n,,  comes  from 
the  reference  oscillator  and  Uie  maser  itself.  Since  only  diHerences  in  Ire- 
(luency  are  measured,  only  changes  over  the  time  r,,  will  alleet  n,. 
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The  out4)ul  ol  the  eonlrol  register  is  sununed  in  u digital  integrator,  which  tor 
times  long  compared  witli  , produces  an  outijut  given  by: 


N = — I' AN  dl 


'J'his  output  controls  a tuning  register  wliieh  eontiols  the  cavity  frequency.  The 
tuning  register  output  changes  the  average  maser  frec|uency  by: 

y^.  = -SN 

Since  the  maser  frequency  changes  with  time,  a noise  term,  np  is  added  to  y 
to  give  Uie  maser  output: 

y = y,  + n, 

Ihitting  tliese  equations  together,  we  obtain  a loop  equation  wliich  in  differential 
form  is: 


- ( iv  + 


where  G,  the  loop  g;un  is: 


G = - 


S(  K - 1 ) 


rT||(  K + 1 ) 


The  reciprocal  of  the  loop  gain  for  Uiis  first  order  loop  is  tlie  loop  Lime  constant: 

T = G-'  (3) 


One  can  solve  these  equations  for  the  different  noise  processes  associated  with 
ii|  and  n,  to  obtain  the  rms  fractional  frequency  lluetuations  of  the  maser  output 
^y2)i/2  matter  what  noise  processes  effect  the  maser  and  tiie  refei’enee 
oscillator,  n,  is  effectively  a wliite  noise  process  because  of  the  way  tlie  control 
registei’  operates.  Also,  if  data  from  botli  liigh  to  low  ;uid  low  to  high  flu,\  is 
used,  reference  drift  will  not  enter  into  n,.  In  amilyzing  ii|  processes,  one 
need  only  consider  long  term  processes  since  the  loop  Lime  constant  is  usuiilly 
such  that  only  long  term  noise  processes  are  affected  by  the  servo  loop.  The 
servo  loop  turns  long  term  non-staLionary  noise  px’ocesses  into  sUitionary  proc- 
esses, so  <y^>*  exists  for  these  processes.  Table  1 lists  <y’>'  * for  n,  noise, 
i)|  drift,  riuidom  w:ilk  of  frequency  noise,  :uid  iij  flicker  of  fi’equeney  noise. 
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Noise  processes  are  not  lully  deseriljecl  by  (y’>'  ’ ; Iroin  the  equation  ol  motion 
one  must  obt:iin  llie  autocorrelation  function  or  the  spectral  densitj’  from  which 
Uie  /Uliui  variimce  c;ui  be  derived.  T;ible  1 idso  lists  Uie  ,\ll;ui  Varimiee,  o^(t) 
for  each  process.  Notice  that  Uie  autotuner  converts  boUi  iij  noise  imd  ii|  fre- 
quency riuulom  walk  noise  into  rimdom  telegraph  noise  whose  .Ulan  Vax’iiuice  is 

a~{T)  = (y->  h {(iT) 


where 


:r  + 4c-^-e-“^-3 
h(T)  = - 


Figure  G shows  a plot  of  h(T)2.  Notice  that  for  t > 1: 


li(T)  - ~ I"  - ~ 7-- 


which  looks  like  random  walk  of  frequency  noise,  and  for  r ^ 1: 

2 3 

h(T)  ^ r 

T T- 


wliich  looks  like  random  walk  of  phase  noise.  .Uso  notice  Uiat  h(r)  is  quite  flat 
over  severid  orders  of  magnitude  in  the  intermediate  rimge  of  t.  Tills  may  e.x- 
plain  Qicker  like  behavior  of  some  frequency  standai’ds  due  to  slow  riuidom  tele 
graph  modulation  of  the  frequency.  Fimdly,  notice  that  Uie  autotuner  converts 
flicker  of  frequency  noise  into  flicker  of  phase  noise  when  r > G. 


1.  n,  noise: 


Table  1 

Autotuner  Noise  J’loperties 


<y2>l/2  = _ 


ar(K+l)  /r„ 


2(  K - 1 ) 


‘"^^mascr  ^ ^ref* 


2(K) 


Table  1 (Continued) 


where  and  are  Uie  appropriate  two  sainph'  .Vllan  Variance 

for  totid  sample  tiim^  . 

Oy(T)  = <y’>  ll((iT) 

:t  + 4c-"-c--^-3 
h(r)  = — 


ii|  drift: 


Y = DT 

D = free  drift  rate 


n,  frequency  random  walk: 


<y2>l/2 


o^(r)  = freeOy(T) 
o“(7)  = <y->  h(Cr) 


h(r)  = 


2r  + - 3 

r* 


n,  frequency  flicker: 


<y2>l/2  = J 


for  T < \ 


ln(  i + )' 


: L In  2 J 


1 /2 


Of  = freeOy(T) 

= an)uilar  cut  off  frequency  of  autotuner  mixer 
o^(r)  = Of(T) 


otiT)  = 


47r(ln2)T‘L2  \2T/| 


for  T > r : 


Lot  us  ilolino  optimum  i)orformuncc  t'oi’  any  n,  process  us  minimizing: 


For  each  n,  process,  Uicsc  listed  in  Table  2.  Using  these  values, 

l igure  7 shows  the  stability  of  NASA  hydrogen  masers  calculated  for  various 
reference  oscillators. 


1.  n,  drift: 


Table  2 

tJi)timum  Performance 


I ■> 


n,  frequency  random  walk: 


<y->‘ 

'y  'opt 


I )y^’ 

2(R-1)  / 


I = "r  ^(1 

‘>P' 


3,  n,  frequency  flicker : 


(V^  >'  ''2  ^ _L 

y opt 


ln(  1 + ) 


: L In  2 J 


1 12 


opt 


^ lo^(R  + 1)^  T„  In  2 
4(  K - 1 )-  Or  in(  1 + ) 


i l LLING  FAC'TOK  I'AC'TX 


I lie  lilliiig  lactor 


is  given  bj  ;^ 


= It  —"'A 


bulb 


i oi  a I Fy  j I cavity-  of  length  tl  anti  rti 


CilVily 


idius  a;^ 


", ' - 


IT/. 

d 


■b„i  = 3.X.^I7 
) = 0 


to  = c 


(M  \ . / 


+ 1- 
d 


tl  = 


f = 


pc 

to 

pc 

gto 

d 


l>  = g-’  + 7T-’ 


At  the  hypertine  frequency : 


OJ 


.Fd5P|42.V>Oc 


cm 


2 on 


■ 


For  centered  cylindrical  bulbs  of  radius  p and  lengUi  1; 


6/g- 


7 = 0,25481 
6 = 0.17120 


At  optimum  tj'  for  cylindrical  bulbs: 


p 

- = 0.450 
a 

t 

- = 0.7423 
d 


Jj  |s„,  = 0.33850 


, _ 0.133075 

7 + 6/g’ 


^ 0.5240 


For  any  shiqje  bulb,  if  one  miikes  the  scale  change  on  botli  the  bulb  and  the  cav- 
ity (see  Figure  8): 


7. 


(i  z' 


T)'  will  scale  as: 


h'(g) 


7 + 5/4  \ 
7 + 6/gV 


h'(g=  2) 


For  elliptical  bulbs,  this  is  extremely  useful  since  the  scale  chaiige  takes  ellip- 
tic.il  bulbs  into  elliptical  bulbs.  Figure  9 is  a contour  chart  of  tj'  for  ellipsoidal 
bulbs  in  a g = 2 cavity.  The  second  digit  of  r)'  is  printed  on  the  chart.  The  first 
digit  can  be  inferred  from  the  zeros  on  the  graph  which  arc  filled  in  to  emphasize 
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the  chiuiges  in  the  first  digit.  For  extunple,  the  optimum  ellipsoid  bulb  in  this 
chart  has  rj'  = 0.4G.  The  horizontid  scaJe  is  tlie  semi  minor  axis  of  the  ellipsoid 
eUxided  by  a from  0 on  the  left  to  1 on  the  right.  The  vertical  scale  is  the  major 
axis  of  the  ellipse  divided  by  d from  0 on  the  top  to  1 on  the  bottom.  Usirg  the 
seiding  law  and  this  chart,  rj'  can  be  determined  to  two  digits  for  any  ellipsoidal 


bulb  for  any  g. 


For  rounded  cylindrietd  bulbs,  optimum  rj'  occurs  as  follows: 


g 

V 

V/d 

p/a 

2 

0.4G1 

0.85 

0.  50 

3 

0.498 

0.80 

0.  50 

4 

0.511 

0.  78 

0.  50 

For  a g = 2 cavity,  Baker^  has  numerically  determined  the  shape  of  the  bulb 
which  optimi7,es  tj  ' . For  this  bulb,  77  0.4G2. 
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Figure  G,  Iliuidom  Telegrajjh  Mlun  Variance 
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HYDROGEN  MASER  FREQUENCY  STANDARDS 
FOR  THE  DEEP  SPACE  NETWORK 


Peter  R.  Dachel,  Roger  F.  Meyer,  Samuel  M.  Petty,  Richard  L.  Sydnor 
Jet  Propulsion  Laboratory 
California  Institute  of  Technology 


ABSTRACT 

JPL  has  been  operating  two  experimental  hydrogen  maser 
frequency  standards  at  the  Deep  Space  Network  (DSN) 
stations  at  Goldstone,  California  since  1970.  Based  on 
operating  experience  gained  with  these  units  and  with  a 
test  bed  maser  system  at  JPL,  a field  operable  production 
maser  has  been  developed  for  use  in  the  DSN.  The  first 
maser  of  this  new  design  was  installed  at  the  DSN  64- 
meter  station  near  Canberra,  Australia  in  December  1975. 
Second  and  third  units  are  presently  under  construction 
for  the  remaining  DSN  64-meter  stations  at  Madrid,  Spain 
and  Goldstone,  California.  While  these  DSN  masers  remain 
similar  in  basic  configuration  to  the  earlier  experi- 
mental units,  many  design  changes  have  been  incorporated 
in  both  physics  and  electronics  systems  to  effect  improve- 
ments in  the  following  areas;  1)  short  and  long  term 
frequency  stability,  2)  RF  isolation  of  maser  output 
lines,  3)  lifetime  of  active  physics  components,  4) 
automatic  fault  detection  and  location,  and  5)  per- 
formance and  reliability  of  the  receiver /synthesizer 
system.  Frequency  stability  measurements  of  the  DSS  43 
maser,  using  an  updated  experimental  maser  as  a refer- 
ence, resulted  in  a fractional  frequency  stability  of 

3.8  X 10  long  term  (t  = 90  seconds)  and  1.1  x 10 
short  term  (r  = 1 second). 


INTRODUCTION 

In  1965,  the  Jet  Propulsion  Laboratory  (JPL)  initiated  a development 
program  for  a field  operable  hydrogen  maser  to  meet  the  future  require- 
ments of  the  Deep  Space  Network  (DSN).  Two  experimental  hydrogen 
masers  (Ref.  1)  were  subsequently  built  and  installed  at  the  DSN  sta- 
tions at  Goldstone,  California  during  197J.  Based  on  operating  exper- 
ience gained  with  these  units  and  with  .a  test  bed  maser  system  at 
JPL,  a prototype  hydrogen  maser  was  recently  developed  for  use  in  the 
DSN.  This  paper  describes  some  of  tie  unique  features  of  this  maser, 
and  presents  life  expectancy,  frequency  stability,  and  other 
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performance  data  obtained  to  date. 

The  DSN  hydroRen  maser  (Fig.  1)  consists  of  two  assemblies;  a physics 
unit  and  an  electronics  rack.  The  physics  unit  is  mounted  on  a shock- 
absorbing base  and  consists  of  the  maser  vacuum  system,  microwave  front 
end,  and  four  electronics  modules  that  are  associated  with  the  hydrogen 
glow  discharge.  All  other  electronics,  including  the  operating  con- 
trols for  the  physics  unit,  are  contained  in  the  electronics  rack. 

PHYSICS  UNIT 

A simplified  cross-sectional  diagram  of  the  physics  unit  is  shown  in 
Figure  2,  and  characteristics  are  listed  in  Table  I. 

High  Output  Power 

< < 

Maser  frequency  stability  in  the  time  interval  0.1  - i - 10  seconds  is 
primarily  determined  by  maser  signal/noise  ratio,  and  therefore  maser 
output  power.  The  DSN  requirement  is  such  that  an  output  power  level 
of  at  least  -90  dBm  is  needed  (see  Figure  5)  This  is  achieved  by 
increased  hydrogen  flow  rate  at  the  expense  of  ion  pump  element  life- 
time and  hydrogen  spectral  line  broadening.  The  DSN  maser  has  a nom-^ 
inal  power  output  of  -88  dBm  at  an  operating  hydrogen  pressure  of  10 
Torr.  Ion  pump  lifetime  is  calculated  to  be  3 years  at  this  pressure. 

Long  Term  Stability  Without  Cavit,y  Tuning 

For  maximum  reliability,  it  was  decided  that  the  long  term  frequency 
stability  specification  (time  interval  [ ^ 30  seconds)  should  be  met 
without  the  aid  of  the  automatic  cavitv  tuner.  This  constraint,  and 
the  large  hydrogen  llnewidth  caused  by  high  flux  operation,  placed 
stringent  requirements  on  1)  the  frequency  stability  of  the  RF  cavity, 
and  2)  the  stability  of  the  hydrogen  flow  rate. 

These  requirements  were  satisfied  in  the  DSN  maser  (see  Figure  2)  by 
1)  surrounding  the  RF  cavity  with  a temperature  regulated  oven  placed 
inside  the  vacuum,  2)  providing  low  thermal  conduction  standoffs 
between  RF  cavity,  inner  oven,  vacuum  housing,  ion  pump,  and  support 
frame  interfaces,  3)  use  of  low  temperature  coefficient  Cer-Vitl  in  the 
RF  cavity  assembly,  4)  surrounding  vacuum  housing,  microwave  front  end, 
and  ion  pump  with  thermal  insulation,  and  5)  maintaining  a stable 
hydrogen  flux  level  by  closed  loop  control  of  the  palladium  valve  with 
an  oven-stabilized  Pirani  pressure  gauge. 
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Ma  iiu  o nance 


The  separation  of  physics  and  electronics  functions  permits  maximum 
access  to  'he  physics  unit  for  maintenance,  troubleshooting,  etc.  Cora 
ponents  have  been  grouped  into  replaceable  modules  or  assemblies 
wherever  possible.  Viton  0-ring  seals  are  used  throughout  and  have 
proved  satisfactory. 

The  time  required  for  two  field  technicians  to  replace  any  physics 
unit  component  (excepting  the  ion  pump  body),  and  then  again  achieve 
vacuum,  is  one  day  or  less.  Perhaps  the  most  complex  and  time  con- 
suming maintenance  task  would  be  replacement  of  an  RF  cavity  component 
This  Job  requires  one  full  day  for  disassembly  and  reassembly,  and 
does  not  require  hoists  or  other  mechanical  aids. 

The  repair  of  the  physics  unit  requires  specialized  knowledge  and 
skills  which  are  not  available  in  the  DSN  repair  facility  as  yet,  so 
development  personnel  normally  will  travel  to  the  field  station  to 
make  repairs  of  items  inside  the  vacuum  housing.  All  other  repairs 
and  maintenance  will  be  handled  in  the  normal  manner. 

The  most  lengthy  portion  of  a maintenance  task  is  the  time  necessary 
for  the  maser  to  reach  thermal  equilibrium  after  reassembly  is  com- 
pleted and  vacuum  pumping  is  resumed.  If  the  inner  oven  can  rem.ain 
on  during  maintenance  (as  in  replacement  of  ion  pump  elements, 
hydrogen  source  assembly,  palladium  valve,  Pirani  g-'uge,  or  any 
electronics  assemblies),  long  term  stability  is  obtained  a few  days 
after  initial  vacuum  pumpdown.  If,  on  the  other  hand,  the  vacuum 
liousing  must  be  opened,  then  the  inner  oven  must  be  baked  out  at 
elevated  temperature  during  pumpdown,  and  4 to  5 weeks  are  required  to 
obtain  normal  long  term  stability  (use  of  autotuner  can  possibly 
reduce  this  time). 

Life  Expectancy 

A number  of  physics  components  have  displayed  limited  life  expect.ancy 
in  the  past,  and  efforts  to  increase  these  figures  have  been  a con- 
tinuing goal.  One  purpose  of  the  two  experimental  masers  operating  at 
floldstone  has  been  to  evaluate  the  operating  life  of  various  com- 
ponents which  are  destined  for  use  in  the  DSN  maser.  The  results  ot 
these  tests  are  described  below: 

At  JPL,  quartz  storage  bulbs  are  prepared  by  applying  a single  coat  of 
FEP/TFE  teflon  mixture.  After  coating,  they  have  not  shown  degrada- 
tion as  a function  of  time  or  number  of  exposures  to  air.  The  bulbs 
in  the  two  experimental  masers  have  each  accumulated  live  years  of 
operating  time  (and  numerous  exposures  to  air)  with  no  noticeable 
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degradation  and  no  recoating  necessary. 

Tlie  liydrogen  glow  discliarge  bulbs  in  the  two  experimental  masers  have 
been  operating  4 1/2  years  and  1 1/2  years  respectively  since  last 
cleaning.  These  bulbs  have  been  exposed  to  air  during  many  periods  of 
maser  modification  and  m.aintenance . 

The  palladiun.  valves  and  copper  plated  KF  cavities  in  the  experimental 
masers  have  not  shown  degradation  in  5 years  of  operation. 

Ion  pump  lifetime  is  calculated  to  be  T years  for  the  present  output 
level  of  -88  dBm.  The  experimental  masers  have  logged  21/4  and 
1 3/4  years  respectively. 

Reliability 

fhe  single  DSN  maser  now  in  the  field  has  experienced  two  failures. 
Immediately  after  installation,  electrical  vacuum  feedthru  seals, 
which  rely  on  epoxy  for  the  seal  bonds,  developed  vacuum  leaks. 
Temperature  cycling  of  other  units  proved  these  seals  to  be  unreliable. 
.New  non-magnet  ic  seals  of  tungsten-glass  and  alumina  are  now  being 
evaluated  to  solve  this  problem.  Also,  a matching  capacitor  in  the 
glow  discharge  RF  circuitry  failed.  This  is  the  first  failure  to 
occur  in  more  than  13  years  of  accumulated  hours  among  5 units.  This 
failure  is  not  believed  to  be  design-related. 

KLKCTRONICS  RACK 

The  power,  control,  receiving,  synthesis,  status,  ard  alarm  functions 
are  provided  by  the  electronics  rack  (Fig.  3)  wliich  contains  32  pre- 
calibrated plug-in  assemblies  that  c.in  be  easily  serviced  by  field 
technicians. 

Fhysics  Unit  Control  and  Monitoring 

The  upper  h.ilf  of  the  electronics  rack  (Fig.  4)  contains  ten  plug-in 
control  modules  and  the  ion  pump  power  supply.  These  units  provide 
all  monitoring  and  control  functions  for  the  physics  unit.  (Two 
other  modules  In  this  group,  "Status  Indicator"  and  "Autotuner,"  will 
be  discussed  separately.)  Table  11  lists  the  various  functions  of 
these  modules. 

Status  and  Alarm  System 

Many  control  modules  generate  alarm  signals  if  operating  parameters 
exceed  pre-set  limits.  The  Status  Indicator  module  displays  these 
alarms  In  three  forms:  1)  a dynamfc  Indication  which  is  on  only  wtion 
the  alarm  condition  exists,  2)  a "latched"  indication  which  remains 
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on  until  a field  technician  notes  the  problem  and  resets,  and  3)  an 
audible  alarm  which  is  derived  from  the  "latched"  indication.  The 
particular  subsystem  which  is,  or  was,  in  an  alarm  condition  is 
identified  on  the  front  panel. 


Automatic  Cavity  Tuner  System 


The  automatic  cavity  tuner  ("Auto-tuner")  uses  an  available  station 
rubidium,  cesium,  or  second  hydrogen  maser  standard  as  a reference, 
and  has  a resolution  of  0.004  seconds  per  100  second  period 
(Af/f  = 4 X 10  for  100  MHz  inputs).  It  produces  a varactor  correc- 
tion voltage  proportional  to  the  observed  tuning  error  (integrated). 
The  desired  system  loop  gain  is  switch-selected  and  the  linear  drift 
component  of  either  the  nuiser  or  reference  standard  does  not  affect 
the  output.  The  auto-tuner  has  the  ability  to  ignore  unusually 
large  or  "noisy"  counts,  and  can  provide  an  alarm  of  this  occurrence. 


It  was  decided  that  neither  the  maser  frequency,  nor  the  reference 
frequency  (usually  a station  rubidium  or  cesium  standard  multiplied  to 
100  MHz)  should  be  offset  by  the  required  0.01  Hz  necessary  for 
auto-tuner  operation.  Therefore,  an  offset  frequency  generator  is 
being  developed  at  JPL  which  synthesizes,  for  auto-tuner  use,  a 
signal  precisely  0.01  Hz  offset  from  the  standard  maser  100  MHz 
output.  It  is  expected  that  this  will  be  accomplished  without  signifi- 
cant degradation  of  the  original  frequency  stability. 

Additionally,  the  auto-tuner  provides  a valuable  troubleshooting  and 
monitoring  capability  to  the  station  since  it  can  be  used  off  line  to 
measure  frequency  stability  (at  t = 100  seconds)  between  any  two 
5 MHz  or  100  MHz  inputs. 

Phase-Lock  Receiver 


The  triple-conversion  phase-lock  receiver  consists  of  18  standard  DSN 
modules  in  the  lower  half  of  the  electronics  rack  and  the  modified 
Dana  synthesizer  at  the  top  of  the  rack.  The  synthesis  section  pro- 
vides 24  standard  outputs  ranging  from  0.1  MHz  to  1400  MHz  at  13  dBm 
and  70  to  100  dB  Isolation.  The  output  frequencies  are  adjustable 
over  a range  of  +2  x 10~^  with  a resolution  of  7 x 10~1®.  Other 
specifications  are  listed  in  Table  II. 

Rel lability 

Major  electronics  failures  during  DSN  maser  production  liave  occurred 
In  three  commercial  components:  the  high  resolution  synthesizer,  the 

1400  MHz  multiplier,  and  the  ultra-stable  low  voltage  power  supplies. 
These  problem  areas  liave  been  dealt  with  by  1)  JPL  redesign  and 
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testing  assistance  to  tfie  manufacturer,  2)  JPL  quality  assurance  and 
source  inspection,  and  3)  a 2000  hour  burn-in  to  aid  in  establishing 
a high  confidence  level. 

l’i:RFOR>b\NCl-: 

Frequency  stability  measurements  for  the  early  experimental  hydrogen 
masers,  and  for  the  first  DSN  maser  (using  an  updated  experimental 
maser  as  a reference),  are  shown  in  Fig.  5.  Only  two  measurements 
have  been  obtained  thus  far  for  the  DSN  maser:  1.1  x 10“^^  for 
X = 1 second,  and  3.8  x lO”*^^  for  T = 90  seconds.  Detailed  character- 
istics for  the  physics  and  electronics  units  are  shown  in  Tables  1 
and  1 1 . 

FIELD  OPERATION 

The  physics  unit  is  prepared  for  shipment  by  attaching  a cover  to  the 
shock-absorbing  mounting  base.  A battery  pack  inside  the  cover 
supplies  power  ^o  the  ion  pump  to  maintain  vacuum  during  shipment. 

Since  the  ovens  are  off  during  shipment,  normal  long  term  stability 
is  not  achieved  until  four  weeks  after  turn-on.  Upon  installation  at 
the  station,  power  is  obtained  from  a station-wide  120  VAC  uninter- 
ruptable  power  supply  system.  The  electronics  rack  is  placed  v'ith 
other  station  electronic  equipments  where  it  is  monitored  by  field 
technicians  on  a weekly  basis.  The  physics  unit  is  placed  some 
distance  away  in  an  isolated  area  wliere  vibration  and  magnetic 
interference  are  under  control. 

PIJVNS,  PRE.SENT  AND  FUTURE 

At  the  present  time,  the  two  experimental  hydrogen  masers  continue  to 
operate  at  Goldstone, California.  The  prototype  DSN  maser  has  been 
operating  at  the  DSS  A3  6A-meter  station  near  Canberra,  Australia 
since  December  1975.  A second  DSN  maser  was  just  completed  and  is 
undergoing  testing  at  JPL.  In  1977,  it  will  replace  the  experimental 
maser  located  at  the  DSS  14  64-meter  station  at  Goldstone.  A tlilrd 
maser  will  be  built  and  shipped  to  the  remaining  64-meter  station 
near  Madrid,  Spain  (DSS  63)  in  late  1977.  The  second  experimental 
maser  (updated),  which  is  mounted  in  a trailer,  will  continue  to  be 
used  as  a portable  maser  system  available  to  all  Goldstone  stations. 

Presently  the  DSN  has  committed  hydrogen  masers  for  use  in  the  Jupiter/ 
Saturn  outer  planet  missions.  Very  Long  Baseline  Interferometry  (VLBl) 
experiments,  portions  of  the  current  Viking  mission,  and  station 
time-sync  cal Ibi at  ions . Each  hydrogen  maser  installation  will  have  an 
auxiliary  back-up  standard  consisting  of  a modified,  high  performance 
Hewlett-Packard  5061A  Cesium  Standard.  Eacli  DSN  hydrogen  maser/cesium 
pair  will  Interface  with  a microprocessor-based  monitor  and  control 
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system.  This  system  will  monitor  many  operatinR  parameters  of  both 
standards,  periodically  measure  stability  between  the  twc'  standards, 
and  make  an  automatic  phase-colierent  switchover  (with  time  ross  - 10 
nanoseconds)  to  the  back-up  standard  in  the  event  the  on-line  standard 
degrades  beyond  pre-programmed  limits. 

ACKNOWLEDGEMENT 

The  authors  wish  to  make  a special  acknowledgement  to  Hubert  Erpenbach, 
recently  retired.  Mr.  Erpenbach  was  responsible  for  the  successful 
solution  of  many  physics  problems,  including  the  quartz  bulb  coating 
technique,  RF  cavity  plating  technique,  and  the  long  life  hydrogen 
source  asembly. 

REFERENCE 

1.  C.  Finnle,  R.  Sydnor,  and  A.  Sward,  "Hydrogen  Maser  Frequency 
Standard,"  in  Proc.  25th  Annual  Symposium  on  Frequency  Control, 
pp  348-351,  April  1971. 


i 


TABLE  I.  PHYSICS  UNIT  CHARACTERISTICS 
(nominal  unless  otherwise  stated) 

UNLOADED  CAVITY  Q 55,000  min. 

LOADED  CAVITY  Q 35,000 


CAVITY 


DISSOCIATOR  TOWER 
COLLIMATOR 
BE.\M  SHUTTER 
STATE  SELECTOR 
ATOMIC  LINE  WIDTH 
CAVITY  ROWER  OUTPUT 
SIGNAL  TO  NOISE  R<\T10 
ION  PUMP  CAPACITY 
ION  PUMP  POWER  INPUT 
HYDROGEN  PRESSURE 
VACUUM  BACKGROUND 
HYDROGEN  SUPPLY 
DC  MAGNETIC  FIELD 
MAGNETIC  SHIELDS 


Copper  plated  Ccr-vit  cylinder  with  aluminum 
end  plates  and  250  >>ram  quartz  storage  bulb 

125  MHz,  4 watts  ave.,  18  watts  max. 

400  hole,  50  micron  diameter  per  hole 

1 mA  taut-band  meter  movement 
Hexapole  permanent  magnet,  Alnico  8 

2 Hz 

-89  dBm  min. 

84  dB/Hz 

200  1 i ters/sect)nd 
4200  volts  0 2.4  mA 
1 X 10  ^ Torr 
1 X 10  ^ Torr 

2.25  liters  @ 1250  psig  initial  pressure 
500  microgauss 
Quantity  4 

Shielding  Factor  (dc)  1000 


FIELD  WINDINGS 
CAVITY  TUNING 


One  main,  two  trim,  0 to  + 10  nv\ 
Type 


Coarse 

Mechanical 

2.4 

X 

10  ^^/turn 

20 

turns 

Med ium 

Mechanical 

1.5 

X 

10  ^Vturn 

20 

turns 

F ine 

Varactor 

2.0 

X 

10“^^/volt 

10 

volts  max 

220 


TABLE  II.  ELECTRONICS  UNIT  CHARACTERISTICS 


1.4204057  51  GHz  Three-Conversion  Phase-Lt)ck  Receiver 


BANDWIDTH  Preselector  30  MHz 

20.  4 MHz  I.F.  4 KHz 

Loop  (2nd  order)  100  Hz 

INPUT  SIGNAL  LEVEL 

maximum 

-71 

FROM  PHYSICS  UNIT 

nominal 

-90 

minimum 

-110 

GAIN  CONTROL 

manual 

39 

automat Ic 

20 

VCO  FREQUENCY 

100 

NOISE  FIGURE 

4.0 

STABILITY  (+  5 C AMBIENT) 


6 X 10 


-16 


1.42  GHz  PHASE  NOISE 
AGC  AM  to  PM  CONVERSION 


5 X 10  ^ radians  RMS/Hz 

0. 16^VdB 


(10  Hz  off- 
set ) 


PHYSICS  UNIT  MONITOR  AND  CONTROL 
FRONT  PANEL  CONTROLS 


QUANTITIES  CONTINUOUSLY 
DISPLAYED 


QUANTITIES  AVAIUVBLE  FOR 
DISPUY  ON  MULTI-FUNCTION 
DIGITAL  METER 


Palladium  valve  temperature 
Hydrogen  discharge  RF  power  level 
Beam  shutter  attenuation 
Magnetic  field  coil  currents 
Varactor  voltage  (manual  mode) 

Ion  pump  current,  voltage 
Hydrogen  discharge  forward  and 
reflected  power 

Varactor  voltage  (dial  calib.) 
Magnetic  field  coll  currents 
(dial  calibration) 

Maser  output  power 

Pirani  gauge  output  level 
Oven  currents 

Palladium  valve  heater  current 
Beam  shutter  current 
Field  currents 
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TABLE  II  (Continued) 


QUANTITIES  AVAIIj\BLE  TO 
REMOTE  MONITOR  AND  CONTROL 
SYSTEM  VIA  REAR  PANEL 
CONNECTOR 

OTHER  FUNCTIONS 


STATUS  INDICATOR  AND  ALARM 


A1 1 above  plus: 

Oven  monitor  thermistor  outputs 
Power  supply  voltages 
Etc  . 

Palladium  valve  "open  loop" 

(manual  control)  or  "closed  loop" 
(controlled  by  Pirani  gauge) 

Varactor  diode  "manual"  (front 
panel  digital  control)  or  "automatic" 
(controlled  by  Auto-tuner) 

Automatic  turn-off  of  ion  pump 
and/or  palladium  valve 
if  certain  potentially  damaging 
failure  modes  occur 


Status  and  alarm  system  powered  by  self  contained  uninterruptible  power 
supply  (UPS)  system. 


UPS  DURATION 

TRANSIENT  SUPPRESSION  DELAY 

aijYrm  outputs 

MAIN  ALARM  OUTPUT 

SUBSYSTEMS  AND  FUNCTIONS 
MONITORED 


12  hours 

4 msec,  up  to  10  sec  for  some  para- 
meters 

Audio,  visual,  and  remote 

Green  - operational 

Yellow  - operational  but  degraded 

Red  - non-operat lonal 

Receiver  lock 
Synthesizer  lock 
l.F.  level 

Hydrogen  glow  discharge 
VSWR  and  temperature 
Hydrogen  source  pressure 
Oven  temperatures 
Ion  pump  power 
Auto-tuner 
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LIST  OF  FIGURES 


1.  DSN  Hydrogen  Maser. 

2.  Simplified  Cut-away  View,  Physics  Unit. 

3.  Electronics  Rack. 

4.  Physics  Unit  Control  Panel,  Electronics  Rack. 

5.  JPL  Hydrogen  Maser  Frequency  Stability. 
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Hydrogen  kaser  design 

AT  THE  LABCRATOIRE  DE  l'HoRLOGE  AtOMIQUE 


Pierre  Petit,  Jacques  Viennet,  Roland  Barillet,  Michel  Desaint fuscien 
ei  Claude  Audoir. , Laboratoire  de  I'HorToge  Atomique,  Lquipe  de  Recherche 
du  C.N'.R.S.,  Universite  Paris-Sud,  91405  Orsay  P'rance 


Abstract 

A description  is  given  of  some  specific  features 
of  the  Laboratoire  de  I'Horloge  Atorrique  masers, 
together  with  a discussion  of  the  ixiasons  of  their 
choice.  The  performances  achieved  are  given,  with 
and  without  action  of  a classical  autot'jning  sys- 
tem. Some  possible  improvements  are  also  described 


I PRODUCTION 

if  ‘ ie;-;  two  experimental  hydrogen  masers,  two  reference  hydrogen  ir;a- 
rs  are  in  operation  at  the  Laboratoire  de  P.'Horloge  Atomique  since 
^-7.'.  F'ig.  1 shows  a schematic  drawing  of  these  m.asers,  designed  for 
pera* i in  laboratory  conditions.  We  describe  their  specific  fea- 
•ur>'-  ir.d  the  performances  obtained.  The  technical  choices  are  dis- 
■ussed,  as  well  as  possible  improvements. 

Specific  features  of  the  reference  maser 

Ttiree  major  points  will  be  considered  : the  production  of  the  beam  of 
atomic  hydrogen,  with  a difference  of  population  between  the  levels 
involved  in  the  maser  transition,  the  storage  of  the  atom.s  in  the  mi- 
crowave cavity,  and  the  maser  signal  processing. 
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PALLADIUM  fUP.iriLF. 


It  ij  desi£ned  to  give  a fast  response  tirrie  to  the  hydrogen  flow  re- 
gulator, so  that  the  dead  time  while  the  cavity  is  tuned  by  varying 
tiie  beam  intensity  is  very  small. 

a.  Low  thermal  inertia  palladium  purifier 

The  palladium-silver  alloy,  shaped  as  a glove  finger,  is  heated  directly 

(.Fig.  2)  . The  hydrogen  gas  under  high  pressure  (3  x IC"^  Pa  ( 3 bars)) 

is  located  inside  the  palladium,  tube,  so  that  the  heat  transfer  to  the 

-2 

surrounding  is  minimized.  The  wor)<ing  pressure  of  7 Pa  ( 5 x 10  torr) 
is  obtained  with  a current  of  2.5  A in  the  glove  finger.  The  corres- 
pondirig  heating  power  is  0.4  W only  ; the  measured  thermal  inertia  of 
tlie  palladium!  leak  equals  4 s. 

b.  Source  pressure  regulator 

A pressure  gauge  is  m.ade  with  a thermiistor,  with  a small  thermal  iner- 
tia. A simple  electronic  system,  miaintains  constant  the  value  of  its 
electrical  resistance,  and  therefore  the  value  of  its  tem.perature  for 
all  the  useful  values  of  the  hydrogen  pressure.  This  electronic  system, 
provides  to  the  thermiistor  the  electric  power  which  com.pensates  its 
therm.al  losses.  The  heating  current  is  alternating,  with  a frequency  of 
15  kHz,  in  order  to  avoid  the  drifts  associated  with  the  operation  of 
a DC  current  pressure  gauge.  The  emf  of  the  source  providing  the  power 
to  the  thermiistor,  which  is  a function  of  the  hydrogen  pressure,  is 
detected  at  a high  signal  level  and  compared  to  an  adjustable  reference 
voltage  in  order  to  servo  the  heating  current  of  the  palladium  leak  and 
to  maintain  the  source  pressur-e  at  the  desired  level. 

Tlie  time  constants  in  the  servo  loop  are  the  time  constant  of  the  pal- 

-2 

ladium.  (4  s),  the  time  constant  of  the  pressure  gauge  (10  s),  the 

pumping  time  of  the  gas  in  the  source  (1.5  s)  and  the  transit  time  of 
the  gas  between  the  palladium  and  the  gauge  (0.5  s). 

c.  Performances 

Fig.  3 shows  the  response  of  this  pressure  regulator  to  steps  of  the 
reference  voltage.  The  pressure,  measured  by  the  gauge,  is  established 
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within  20  s.  This  tiir.e  could  be  r-educed  by  a factor  of  2 by  decreasing 
the  transit  time  of  the  hydrogen  gas  be'*'ween  the  palladiuir.  leak  and 
the  discharge  tube 

The  stability  of  the  pressure  source  is  quite  good  : the  drift  is 
sfralier  than  1 % per  day  for  a working  pressure  of  13  Fa  (0.1  torr). 

HYDROGEN  DISSOCIATOR 

Molecular  hydrogen  is  dissociated  in  a cylindrical  discharge  tube, 

2 cir.  in  diameter  and  20  cm  long.  The  mean  time  spent  by  a molecule  in 
the  discharge  is  long,  so  that  its  dissociation  probability  is  very 
high. 

The  atomic  beam  is  issued  from  a single  cylindrical  tube,  ccaxial  with 

the  discharge  tube.  This  design  is  easy  to  implement,  and  does  not 

significantly  affect  the  directivity  of  the  beam  and  the  efficiency  of 

the  dissociation  : the  measured  atomic  concentration  in  the  beam,  is  of 

( 2 ) 

the  order  of  0.6  for  a working  pressure  of  13  Pa  (0.1  torr) 

STATE  SELECTOR 

The  pole  tips  of  the  hexapole  are  shaped  in  order  to  fit  the  theoretical 

(3) 

equipotentiel  curves  . The  measured  field  repartition  in  the  magnet 
is  very  close  to  the  theoretical  field  repartition,  as  shown  i.i  fig.  4. 
Consequently,  the  effective  diameter  of  the  m.agnetic  lens  is  very  close 
to  the  physical  diameter  of  the  magnet,  allowing  an  efficient  use  of 
the  atomic  flux  issued  from  the  source,  and  the  optical  properties  of 
the  magnetic  lens  can  be  calculated  for  a given  velocity  distribution 

• K 

in  the  beam. 

CAVITY  PU1.LING 

In  order  to  lower  the  cavity  pulling  effects,  it  is  necessary,  for  a 
given  atom.ic  line  width,  to  reduce  the  thermal  coefficient  of  the 
cavity,  to  control  its  temperature,  and  to  tune  it  properly, 
a.  Thermal  compensation  of  the  cavity 
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The  cavity  is  made  of  quartz,  with  metallic  compensation  rods.  The  com- 
pensation is  adjusted  in  order  to  be  effective  for  the  cavity  loaded  by 
the  storage  bulb.  The  cavity  is  enclosed  in  a thermal  shield  situated 
inside  the  vacuum,  tank.  In  a recent  realization,  the  measured  thermal 
coefficient  is  of  the  order  of  0.1  kHz  K 
b.  Therm, al  control  of  the  cavity 

The  temperature  of  the  cavity  is  regulated  within  10  K for  20  days 
-2 

and  10  K for  four  years. 

The  thermal  control  is  provided  by  three  concentric  ovens  ; each  of 
them  being  divided  into  three  independently  regulated  parts  : 

- the  m.agnetic  shield  n°  2 (the  two  end  caps  and  the  lateral  wall). 
Its  temperature  is  m,aintained  at  about  28°  C. 

- the  magnetic  shield  n°  5 (the  two  end  caps  and  the  lateral  wall). 
Its  temperature  is  maintained  at  about  43°  C. 

- the  copper  tank  enclosing  the  cavity.  The  lateral  part  of  the 
tank  and  the  upper  part  of  the  pum.ping  tube  are  maintained  at  48°  C. 

The  lower  part  of  the  pumping  tube,  made  of  stainless  steel,  is  main- 
tained at  35°  C at  the  level  of  shield  n°  2. 

The  separation  between  each  magnetic  shield  is  filled  with  a thermal 
insulator. 

The  microwave  cavity  itself  and  the  storage  bulb  are  therm.ally  insula- 
ted from  their  enclosure,  being  supported  by  quartz  posts.  A cupper  cup 
is  set  at  the  top  of  the  pum.ping  tube,  in  good  thermal  contact  with  the 
copper  vacuum,  tank.  It  prevents,  as  much  as  possible,  thermal  radiation 
exchanges  with  lower  parts  of  the  maser.  The  time  constant  of  the  tem- 
perature variations  of  the  cavity  is  15  hours  about. 

Tfie  temperature  sensors  are  therm.istors , which  are  maintained  in  two 
opposite  arms  of  a Wheatstone  bridge. 

The  voltage  produced  by  temperature  fluctuations  is  am.plified  by  a low 
drift  operational  amplifier  and  determines  the  duty  cycle  of  a multivi- 
brator. TTie  period  of  the  pulses  is  about  1 m.s.  Their  width  determine 
the  heating  power. 
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The  output  transistor  of  the  circuit  is  used  as  a switch,  and  the  power 
efficiency  is  very  good. 

TTie  heating  current  feeds  a resistive  coaxial  cable.  The  inner  conduc- 
tor is  d thin  copper  wire.  The  outer  conductor,  also  made  of  copper, 
is  extemaly  insulated  with  teflon.  The  cable  is  glued  to  the  wall 
which  is  to  be  controlled.  The  thermistors  are  in  good  thermal  contact 
with  the  wall,  and  as  close  as  possible  to  the  heating  cable,  in  order 
to  reduce  the  delay  due  to  the  heat  propagation  time. 

We  never  observed  any  trouble  in  the  maser  operation  due  to  the  use 
of  pulsed  heating  current  when  every  conductor  inside  the  magnetic 
shields  is  coaxial. 

The  performances  obtained  have  been  measured  by  the  cavity  pulling, 
using  a cavity  with  a large  thermal  coefficient  (1.5  kHz  K ^),  for  the 
1 m.K  stability  over  20  days,  and  by  a direct  measurement  of  the  cavity 
temperature,  via  a platinum  resistance  temperature  transducer  for  the 
10  m.K  stability  over  4 years. 

MAGNETIC  FIELD 

The  atom.s  are  shielded  from  spurious  m.agnetic  field  variations  by  six 
magnetic  shields,  all  made  of  mumetal,  with  a thickness  of  2 mm..  The 
fluctuations  of  the  magnetic  field  which  is  applied  to  the  hydrogen 
atoms,  due  to  magnetic  noise  in  the  laboratory  has  been  measured  on  an 
experimental  maser  equipped  with  similar  shields.  The  measurement  of 
the  frequency  stability  of  the  field  dependent  AT  = 1 , Ar.  = 1 transi- 
tion showed  that  the  fluctuations  are  of  the  order  of  10  T 
(0.1  microgduss)  only. 

COLLISIONS  WITH  RESIDUAL  GASES  AND  WITH  THE  WALL  OF  THE  STORAGE  BULB 

Collisions  with  param.agnetic  gases  may  have  im.portant  effects  on  the 
atomic  frequency  and  relaxation  times 

The  best  way  to  get  rid  of  these  spurious  effects  is  to  maintain  as 
good  as  possible  a vacuum..  This  is  the  reason  why  we  use  two  vacuum 
pum.ps  and  two  separate  vacuumi  chambers,  made  of  stainless  steel  or 
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copper  (inside  the  magnetic  shields).  Only  metallic  gaskets  are  used. 

MICROWAVE  SIGNAL  PROCESSING  : ELECTRONIC  CIRCUITS  WITH  NO  SPURIOUS 
PHASE  SHIRT  ASSOCI.ATED  WITH  VARIATIONS  OF  THE  SIGNAL  LEVEL 

When  a hydrogen  maser  is  used  as  a frequency  or  tim.e  standard,  its 
cavity  is  tuned  by  the  classical  "frequency  method"  tuning.  In  this 
method,  the  atom.ic  linewidth  is  modulated  and  the  cavity  is  tuned  in 
order  to  cancel  any  frequency  modulation  associated  with  the  linewidth 
modulation.  The  level  of  the  oscillation  varies  with  the  atomic  line- 
width.  If  the  receiver  introduces  phase  shifts  related  to  the  level  of 
the  signal,  these  phase  shifts  affect  the  short  term,  frequency  sta- 
bility of  the  frequency  standard. 

Furthermore,  the  application  of  an  alternative  miethod  for  the  cavity 
tuning  critically  depends  on  the  use  of  electronic  circuits  showing,  as 
far  as  possible,  a level  independent  phase  shift.  In  this  application, 
the  level  correlated  spurious  phase  shift  must  be  smaller  than  a few 
10  degree  for  amplitude  variation  of  3 dB. 

These  phase  shifts  are  due  to  non  linearities  in  bipolar  transistors 

paiamoters  and  to  thermal  effects. 

(7) 

It  has  been  shown  that  the  non  linearities  of  the  transistor  para- 
meters are  proportional  to  the  square  of  the  voltage  amplitude  and  to 
the  phase  lag  in  the  considered  circuit. 

li.  low  frequencies  amplifiers,  the  thermal  effects  result  of  the  varia- 
tion of  the  electrical  paramieters  of  the  transistors  which  are  induced 
by  the  variaticns  of  the  power  dissipated  in  the  transistors.  This 
variation  has  a component  in  quadrature  with  the  collector  current, 
owing  to  the  thermal  inertia  of  the  device.  An  amplitude  dependent  phase 
shift  may  result. 

This  effect  can  be  avoided  if  the  transistor  is  polarized  for  an  •••'  — 

mum,  (m.axim.um.)  power  dissipation  : the  fundamental  of  the  paramete.. 
variations  then  disappears. 

We  have  built  5.75  kHz  am.plifiers  (Fig.  5)  according  to  the  following 
design  rules  : 
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- transistors  with  a large  transition  frequency  are  used 

- the  collector  to  base  voltages  are  high  enough  to  reduce  the 
voltage  dependence  of  the  collector  to  base  capacitor 

- the  high  frequency  cut-off  is  as  large  as  possible,  and  the 
low  frequency  cut-off  as  sir.all  as  possible 

- the  collector  is  polarized  for  the  maximum  value  of  the  dis- 
sipated power 

- feedback  in  the  emitter  circuit  reduces  the  distorsion  rate  and 
linearizes  the  input  impedance 

- the  output  voltage  m.ust  not  be  too  large  : the  maximum  amplitude 
is  1 V at  5 kHz  and  0.1  V at  500  kHz. 

On  the  other  hand,  it  is  known  that  phase  comparators  are  not  ideal 
devices  and  that  a modulation  of  the  amplitude  of  the  signal  induces 
a modulation  in  the  D.C.  output,  even  when  the  signal  and  the  refe- 
rence are  very  close  to  the  quadrature  condition.  Consequently,  the 
use  in  the  phase-lock  loop  of  an  amplitude  limiter  showing  a level 
independent  phase  shift  is  of  primie  importance  when  the  maser  oscil- 
lation level  is  modulated. 

Such  amiplitude  lim.iters,  at  a working  frequency  of  5.75  kHz,  have  been 

( 8 ) 

built  (Fig.  6),  according  to  the  Franck's  analysis  of  the  wave 
form,  dependent  phase  shift. 

I Various  tests  on  amplifiers  and  amplitude  limiters  give  confidence 

j that  the  achieved  am.plitude  correlated  phase  shift  is  m.uch  smaller 

I than  10  ^ degree  for  amplitude  variations  of  3 dB. 

I 

Performances  of  the  two  reference  masers 

We  have  not  yet  performed  a direct  precise  measurement  of  the  wall 
i shift  in  our  reference  masers.  Such  a m.easurement  will  be  possible 

in  a near  future,  using  the  double  bulb  device  described  later. 


235 


FREQUENCY  S™iLITY  WITHOUT  AUTOTUNING  SYSTEM 


The  signals  delivered  at  the  output  of  the  1420  MHz  low  noise  amplifier 
of  the  two  reference  masers  are  mixed  and  applied  to  the  input  stage 
of  an  electronic  heterodyne  receiver.  After  detection,  the  beat  note  is 
filtered  in  a low  pass  filter,  with  a bandwidth  of  6 Hz. The  difference 
in  ir^iquency  between  the  two  masers  is  set  between  0.1  and  1 Hz  by 
adjusting  the  magnetic  field. 

Fig.  7 shows  a plot  of  the  root  mean  square  of  the  Allan  variance  of 
each  m.aser,  the  statistical  properties  of  which  being  assumed  to  be 
identical . 

4 

For  each  value  of  the  averaging  time  T,  (t  < 10  s)  each  experimental 
point  is  determ.ined  from  a series  of  more  than  100  samples.  The  uncer- 
tainty in  the  estimation  of  the  Allan  variance  is  then  less  than 
10  % 

-13 

The  fractional  frequency  stability  is  4 x 10  /t  for  1 s < T < 40  s 
and  3 x 10  for  T = 1000  s (for  that  last  figure,  600  non  selected 
data  points  of  a continuous  run  have  been  used  to  compute  the  Allan 

14 

variance).  The  daily  frequency  fluctuations  equal  a few  parts  in  10 
FREQUENCY  STABILITY  WITH  AN  AUTOTUNING  SYSTEM 

A classical  autotuning  system  has  been  built  and  tested.  The  frequency 
of  tfie  5 Wlz  quartz  crystal,  phase  locked  to  the  maser  under  tuning,  is 
measured  for  high  flux  and  low  flux. 

The  difference  between  the  two  results  is  used  to  tune  the  cavity.  In 
this  device,  the  frequency  is  not  measured  while  the  flux  changes  (the 
dead  time  equals  30  s,  which  is  longer  than  the  time  needed  for  the 
pressure  change  in  the  source). 

Fig.  7 shows  the  frequency  stability  of  the  phase  locked  5 MHz  quartz 
crystal  oscillators  multiplied  up  to  400  MHz.  The  frequency  stability 
measurement  data  are  taken  continuously,  even  when  the  flux  is  varying, 
and  without  correlation  with  the  atomic  flux  modulation.  The  short  term, 
frequency  stability  could  be  improved  by  using  better  frequency  multi- 
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pliers  in  the  phase  lock  loop. 


Possible  improvements 


/.DIAf-ATIC  PAFIC  PASSAGE 


This  device,  which  reduces  the  spin  exchange  r«‘laxation  rate  without 
dllecting  the  density  of  useful  atoms  in  the  bulb  has  been  successfully 
tested  in  the  past  in  an  experimental  maser  ^ ^ 


PHASE  .METHOD  FOR  THE  TUHI.MG  OF  THE  CAVITY 

( 5 ) 

It  has  been  shown  that  if  the  level  of  the  maser  oscillatici.  is 

varied,  without  affecting  the  atomic  linewidth  (for  instance,  by  va- 
rying the  beam  ccirposition  without  affecting  the  total  bean,  flux),  the 
phase  of  the  maser  oscillation  varies,  unless  the  cavity  is  tuned  to  a 
particular  value. 

For  this  particular  value,  the  maser  angular  frequency  differs 

from  the  atomiic  angular  frequency  by  the  quantity 

/4>=0)  ■ ^ '^2e  ^ 

where  = (4.04  + 0.35)  10  ^ at  room  temperature  is  the  para- 

m.eter  describing  the  effect  of  the  duration  of  hydrcgen-hydrcgen  spin 
exchange  collisions  and  is  the  transverse  I'elaxation  rate  asso- 

ciated with  spin  exchange. 

On  the  other  hand,  the  classical  linewidth  method  tuning  leads  to  an  os- 
cillation angular  frequency 
frequency  by  the  quantity  : 


ciliation  angular  frequency  which  differs  from  the  atomic  angular 


^(AF=0)  ■ ^H  ^20 


(2) 


where  y^q  is  the  transverse  relaxation  rate  not  depending  on  the  ato- 
m.ic  density  in  the  storage  bulb. 

:a4>= 

(6) 


The  values  Au,  and  Au),  , . can  be  measured  within  10  % since  e,, 

(AF=0)  (A4>=0)  H 


is  known  within  this  error 


and  and  y^  can  be  m.casured  with 
20  2e 
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an  uncertainty  of  a few  percents  . This  uncertainty  on  the  value 

of  and  AjJ,  ^ leads  to  a relative  uncertainty  of  a few  parts 

(AF=0)  (A4i=0)  ^ ^ 

14 

in  10  on  the  maser  frequency. 

Consequently,  the  phase  method  can  be  used  as  v;ell  as  the  classical  me- 
thod. One  must  keep  in  mind  that  the  oscillation  frequency  of  the  maser 
tuned  by  the  phase  m.ethod  slightly  depends  on  the  density  in  the  bulb  : 

a Y-  fluctuation  of  0.1  s ^ leads  to  a fractional  frequency  fluctuation 

14 

smaller  than  1 part  in  10  at  room,  tem.perature . 

The  difference  between  the  two  frequencies  w-,.  and  w,  is  : 

^ (A4>=0)  (AT=0) 

‘^(A4>=0)  ■ '^(AF=0)  ’ ^ ^2 

(it  is  worth  noticing  that  this  formula  could  be  used  for  a measurement 

of  the  £ parameter). 

H 

The  phase  method  has  been  successfully  tested  : the  modulation  of  the 
level  of  oscillation  was  obtained  by  modulating  the  beam  comiposition. 
This  was  accomplished  by  switching  on  and  off  a DC  current  in  a coil, 
coaxial  to  the  beami,  and  located  between  the  state  selector  and  the 
storage  bulb  entrance.  The  period  of  the  modulation  was  4 s. 

The  experiment  was  made  possible  by  the  use  of  the  electronic  circuits 
described  in  the  previous  section. 

The  experimicntal  results  are  shown  in  Fig.  8 where  the  phase  variation 
Afi  is  referred  to  the  maser  oscillation  frequency  of  1.42  GHz. 

The  origin  of  the  horizontal  axis  is  set  at  the  frequency 
delivered  by  the  maser  tuned  according  to  the  classical  method.  The 
errors  bars  are  determined  from  the  level  of  residual  noise  affecting 
the  measured  voltage. 

-13 

The  line  crosses  the  horizontal  axis  for  Af/f  = (0.25  + 0.8)  x 10 

° -13 

whereas  the  fractional  frequency  shift  should  be  2.8  x 10  as  given 
by  equation  (3).  This  apparent  sm.al  discrepancy  is  likely  connected  to 
the  joint  effect  of  inhomogeneities  in  the  static  magnetic  field  and  the 

microwave  field  as  already  observed  for  the  classical  method  of 

. ( 12 ) 
tuning  of  the  cavity 


- -a 


fundar:ien'di  advantage  of  the  phase  method  should  be  a large  reduc- 
tion of  the  period  of  modulation  (i.e.  4s  instead  of  300  s when  the 
beam  intensity  is  modulated).  Consequently,  the  flicker  noise  cf  fre- 
quency of  a crystal  frequency  source,  if  used  as  a frequency  reference 
in  the  autotuning  system.,  would  contribute  to  a sm.aller  extent  to  che 
noise  in  the  error  signal  which  is  used  to  tune  the  cavity. 

OOUbLE  STOPJ'.Gi:  BULB  DESIGN 

The  standard  mfithed  for  measuring  the  frequency  shift  due  to  the  ato- 
mic collisions  on  the  wall  of  the  storage  bulb  consists  in  measuring 
the  maser  oscillation  frequency  as  a function  of  the  collision  frequen- 
cy by,  using  bulbs  of  various  diameters.  It  is  also  possible  to  vary 

(13 

the  collision  frequency  by  using  a single  bulb  with  a variable  shape 
These  last  devices  imply  the  use  of  a flexible  teflon  sheet  which  is 
submitted  to  different  stresses  for  the  different  configurations. 

We  are  studying  a double  configuration  bulb  without  any  flexible  sheet 
and  which  allows  a large  variation  of  the  collision  frequency.  Tig.  9 
shows  the  principle  of  this  bulb.  The  two  collision  frequencies  are 
obtained,  for  a given  temperature,  for  the  two  positions  of  the  valve. 
They  differ  by  a factor  of  1.85. 

The  oscillation  is  maintained  for  the  two  positions  of  the  plate,  and 
for  bulb  and  cavity  temperature  between  293  snd  393  Y with  a good 
frequen-,y  stability. 


TTiis  work  has  been  sponsored  by  C.N.P..  . and  B.N.M. 
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Figure  captions 


Fig.  1 - Simplified  I’epresentdtion  of  the  structure  of  the  nasers 
I ig.  2 - Mechanical  assembly  of  the  palladium-silver  leak 
Fig.  3 - Response  of  the  pressure  regulator  to  s'teps  of  the  reference 
voltage 

Fig.  - Measured  magnetic  field  variations  as  a function  of  the  dis- 
tance to  the  axis  of  the  hexapole  m.agnet 
Fig.  5 - Am.plifier  at  5.75  kHz  with  a gain  of  40  dB 
Fig.  6 - Basic  circuit  for  amplitude  lim.iter 
Fig.  7 - Plot  of  the  root  miean  square  of  the  Allan  variance 
o for  the  reference  masers  without  autotuning 
© for  the  reference  m.asers  with  an  autotuning  system 
Fig.  8 - Experimental  results  for  the  test  of  the  phase  method  for 
the  cavity  tuning 

Fig.  9 - Double  storage  bulb  set-up 
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A HYDROGEN  MASER  DESIGN  FOR  GROUND  APPLICATIONS 
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C.  Dovidio,  and  W.  Brymer,  Smithsonian  Astrophysical  Observatory 


ABSTRACT 


A new  hydrogen  maser  for  ground-based  applications 
has  been  designed  at  the  Smithsonian  Astrophysical 
Observatory.  The  mechanical,  thermal,  and  electronics 
design  philosophy  of  the  VLG-11  series  is  described, 
and  comparisons  with  previous  SAO  masers  are  detailed. 
The  VLG-11  masers  incorporate  many  of  the  lessons 
learned  during  the  redshift  rocket-flight  program,  in 
which  a rugged,  reliable,  lightweight  hydrogen  maser 
was  successfully  operated  after  being  boosted  to  an 
altitude  of  10000  km  by  a Scout  rocket.  Preliminary 
test  data  and  projections  of  stability  performance  are 
included,  as  well  as  photographs  of  the  maser  system 
during  the  construction  phase. 


THE  EVOLUTION  OF  THE  NEW  VLG-11  MASERS 
I 
t 

The  design  of  the  Smithsonian  Astrophysical  Observatory  (SAO) 
ground  masers  and  the  SAO  gravitational  redshift  space  maser  is  the 
result  of  an  unbroken  evolution  of  ideas  that  began  in  1960  shortly 
after  the  invention  of  the  maser  by  Kleppner,  Goldenberg,  and  Ramsey.^ 
In  1962,  the  National  Aeronautics  and  Space  Administration/Marshall 
Space  Flight  Center  (NASA/MSFC)  sponsored  the  development  of  hydrogen 
masers  with  the  goal  of  producing  a transportable  self-contained  device 
to  serve  as  a frequency  standard  for  ground-based  operation.  ’ This 
development  continued  and  a spacecraft  design  was  begun,  the  new  goal 
being  to  measure  the  gravitational  redshift  by  using  a 24-hour  ellip- 


2<J9 
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tically  orbiting  payload‘s  launched  by  a Titan  3C  system.  The  design 
later  evolved  into  the  VLG-IO  and  lOA  masers  after  this  initial  entry 
into  the  field  of  relativistic  measurements  was  temporarily  abandoned 
owing  to  the  high  cost  of  the  program. 

In  1969,  the  development  efforts,  begun  at  Varian  Associates  and 
continued  under  Hewlett-Packard  at  Beverly,  Massachusetts,  were  success- 
fully transplanted  to  SAG  in  Cambridge,  where  the  first  of  a series  of 
VLG-10  masers  was  built  for  the  U.  S.  Naval  Research  Laboratory  and  the 
radio-astronomy  community  for  use  in  very  long-baseline  interferometry. 

In  1970,  the  redshift  program  was  revived,  and  the  former  space-borne 
design  was  now  embodied  in  nine  VLG-10  and  lOA  masers,  three  of  which 

5 

were  to  be  used  as  ground  masers  for  the  SAO/NASA  redshift  experiment. 

The  new  redshift  program  has  been  enormously  more  demanding,  in 
that  the  probe  maser's  weight  had  to  be  considerably  less  than  100  lb, 
in  contrast  with  the  400-lb  design  for  the  previous  program.  The  four- 
stage  sol  id- fuel  Scout  rocket  system,  when  separated  from  the  fourth 
stage,  has  the  ability  to  loft  a 200-lb  payload  to  10000  km.  This  would 
provide  a total  time  aloft  of  2 to  3 hours  and  would  attain  a predicted 
redshift  of  some  4 parts  in  10^*^,  60%  of  the  redshift  available  from  the 
earth's  gravity. 

The  flight  rnaser  was  required  to  survive  the  trauma  of  a rocket 
launch  and  to  operate  within  specifications  immediately  following  burn- 
out. The  qualification  model  was  therefore  subjected  to  an  intensive 
series  of  shock,  acoustic,  vibration,  spin,  and  magnetic-field  tests. 
During  9 months  of  testing,  the  probe  maser  was  operated  practically  with- 
out interruption  in  preparation  for  its  successful  2-hour  mission  in 
space,  which  took  place  June  18,  1976.^  Obviously,  a complete  rethink- 
ing of  the  space-maser  design  was  necessitated,  particularly  because  of 
the  low  weight  and  the  very  stringent  mechanical  constraints  imposed  by 
the  Scout  rocket  system. 
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Again,  as  had  previously  occurred,  many  aspects  of  the  design  of 
the  space  maser  found  their  way  into  the  new  design  for  the  ground  maser, 
now  designated  as  the  VLG-11.  In  particular,  the  vexing  problem  of  RF 
dissociator  failure  that  plagued  the  VLG-IO  design  in  its  early  days  has 
been  rectified  by  using  the  probe-maser  dissociator  design.  This  design 
has  been  retrofitted  to  eight  out  of  the  nine  VLG-lOs  now  in  use.  The 
remaining  one,  having  been  in  continuous  operation  since  1973,  will  be 
refitted  in  July  1977  as  part  of  its  modification  to  the  VLG-lOA  config- 
uration . 

Another  mysterious  and  equally  vexing  design  problem  with  the  VLG- 
IO  has  been  the  effect  of  barometrically  induced  stress  on  the  cavity 
resonator^  through  the  motion  of  the  bell- jar  base.  In  1974,  the 
problem  was  rectified  and  by  July  1977,  all  but  two  of  the  nine  VLG-IO 
masers  now  in  use  will  include  the  appropriate  modifications.  The  VLG-11 
series  incorporates  the  mechanically  rugged  cavity  designed  for  the 
flight  maser,  as  well  as  the  barometric-isolation  system  used  in  the 
VLG-lOA  masers. 

DESIGN  PHILOSOPHY  OF  THE  VLG-11 

The  VLG-11  is  housed  in  the  same  22"  x 30"  x 52"  cabinet  used  for 
the  VLG-IO  masers.  The  device  is  intended  to  be  a stand-alone  system, 
requiring  24  to  30  volts  DC  to  operate  and  providing  output  frequencies 
at  60,  5,  and  1 MHz.  This  package  weighs  650  lb,  is  mounted  on  casters, 
and  requires  nc  special  handling  nor  transportation  facilities.  Normal- 
ly the  package  can  be  shipped  cold  if  the  time  between  available  pow- 
er is  less  than  about  3 days.  For  longer  times  of  transit  or  storage, 
a stand-by  power  supply  for  the  ion  pump  is  recommended. 

The  design  emphasizes  extreme  ruggedness  and  mechanical  stability, 
especially  for  the  very  critical  cavity-bulb  assembly,  in  order  for  the 


maser  to  withstand  high  levels  of  shock  and  vibration  during  shipment 
without  requiring  cavity  tuning.  In  addition  to  rugged  construction, 
the  cavity  is  made  of  CER-VIT,*  a material  of  unbeatable  dimensional 
stability  and  long-term  resistance  to  dimensional  creep.  A low  thermal 
coefficient  of  the  cavity  resonator  frequency  is  achieved  by  using 
CER-VIT-lOl,  with  a thermal  coefficient  of  2 to  5 x 10  ^/°C.  The  major 
remaining  contribution  to  thermal  mistuning  of  the  cavity  has  been  found 
to  be  the  temperature  coefficient  of  the  dielectric  constant  of  the 
quartz  storage  bulb  within  the  resonator.  A typical  value  for  the 
resonator-bulb  combination  for  the  VLG-10  series  is 

By  reducing  the  thickness  of  the  bulb  (but  maintaining  the  sti ffness-to- 
i weight  ratio),  we  have 

j Iy  = -300  Hz/°C 

for  the  VLG-11  series  masers  without  having  to  use  any  differential 
compensating  mechanism  that  might  be  vulnerable  to  temperature  gradients. 
By  having  intrinsically  passive  thermal  stability  in  the  most  sensitive 
components,  we  believe  we  can  then  use  thermal -control  techniques 
i effectively  and  thereby  provide  exceptional  thermal  stability  for  long 

' periods  of  time.  Figure  1 shows  the  cavity-bulb  assembly  for  the  VLG- 

' 11  maser. 

I Provisions  are  made  for  using  an  autotuner,  which  is  highly  recom- 

mended if  tuning  is  to  be  done  in  the  field  by  personnel  who  are 
inexperienced  with  hydrogen  masers  or  if  mechanical  and  thermal  environ- 
' mental  circumstances  are  severe  enough  to  require  relatively  frequent 

return' ng. 
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PHYSICS  PACKAGE  DESIGN 


In  order  to  describe  the  design  evolution  from  the  VLG-10  and  lOA 
masers  to  the  VLG-11  maser,  we  present  a series  of  sketches,  starting 
with  the  inner  cavity-bulb  assembly.  It  will  be  seen  that  the  differ- 
ences are  chiefly  in  the  direction  of  more  rugged  structural  and  more 
careful  thermal  design  and  better  magnetic  shielding.  The  two  major 
departures  of  the  VLG-11  from  either  the  VLG-10  or  the  space-probe  maser 
are  the  lightweight  bulb  and  the  torri spherical  magnetic  shields. 

Figure  2 describes  the  cavity-bulb  assembly,  including  the  output 
coaxial  line  and  the  isolator;  the  latter  is  properly  part  of  the  cavity 
resonator.  Figure  3 shows  the  cavity  structure  and  outlines  the  major 
load  paths.  Possible  cavity-stress  changes  owing  to  the  expansion  co- 
efficient of  the  external  cylinder  holding  the  cavity  together  are 
taken  up  by  the  Bellville  washer.  Similar  thermally  induced  radial 
stress  in  the  base  is  relieved  by  the  rollers.  Strains  on  the  bell  jar 
owing  to  barometric-pressure  change  are  isolated  from  the  cavity  by  the 
double-base  structure. 

The  magnetic-shield  oven  assembly  surrounding  the  ball  jar  is  seen 
in  Figure  4.  Here  the  VLG-11  differs  greatly  from  the  VLG-10  and  lOA, 
in  that  torri spherical  shields  have  foam-glass  insulation  at  their  ends 
for  support.  These  shields  are  under  far  less  local  stress  than  are  the 
flat-ended  outer  shields  and  have  much  improved  lapped  joints  at  the 
lower  cover  (the  upper  cover  is  not  removable).  Figure  5 shows  the  mag- 
netic shields.  The  VLG-11  solenoid  follows  the  design  used  in  the 
probe  even  though  it  is  considerably  larger  in  size.  The  multilayer 
printed-circuit  design  allows  very  complete  cancellation  of  spurious 
magnetic  fields  and  provides  a rugged,  close-fitting,  and  simple  coil 
system  located  immediately  inside  the  innermost  magnetic  shield.  Figure 
6 shows  the  VLG-11  solenoid. 
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Figure  7 illustrates  the  thermal -control  system.  Design  experience 
with  the  space  maser  has  shown  us  that  temperature  gradients  are  a prob- 
lem that  can  be  solved  by  including  separate  zones  of  thermal  control 
for  the  bell  jar  and  the  oven.  In  addition,  the  pump-dissociator 
assembly  is  also  controlled  so  as  to  stabilize  the  RF  lines,  the  dis- 
sociator,  and  the  isolator;  this  last  item  is  located  within  the  pump 
shields  along  with  the  temperature-sensitive  electronics  systems.  The 
pump-dissociator  assembly  is  temperature  controlled  by  means  of  recir- 
culated temperature-controlled  air  from  a heat-added  system  and  a heat 
exchanger,  at  the  rear  of  the  cabinet,  that  dumps  unwanted  heat  to  the 
ambient  environment.  Maximum  added  power  of  14  watts  is  required  to 
operate  this  system  over  an  ambient-temperature  range  of  20°  to  30°C. 


The  ion-pump  manifold  and  the  dissociator/state  selector  for  the 
VLG-10,  lOA,  and  11  masers  are  shown  in  Figure  8.  The  source  glassware 
for  both  items  follows  the  space-maser  design.  The  chief  differences 
between  this  design  and  the  initial  VLG-10  design  include  the  size 
of  the  dissociator  glassware  and  the  layout  of  the  RF  coil.  Ever  since 
these  modifications  were  made,  we  have  had  no  recurrence  of  dissociator 
failure.  We  believe  that  the  improvement  is  the  result  of  the  change  in 
dissociator  size,  from  1"  diameter  x 1.4"  long  to  1.4"  diameter  x 2" 
long,  which  increases  the  volume  by  a factor  of  3.  These  dimensions  coin- 
cide almost  exactly  with  those  used  with  excellent  success  by  the  Jet 
Propulsion  Laboratory  maser  group.  The  ion-pump  manifold  and  neck 
assembly  is  shown  in  Figure  9. 


The  VLG-11  RF  oscillator  includes  a voltage 
monitor.  The  condition  of  the  discharge  color's 
by  studying  the  relative  strengths  of  the  atomic 

O 

(6562  A)  red  line  and  an  adjacent  molecular-band 
measure  of  the  dissociator  efficiency. 


regulator  and  an  RF-level 
brightness,  determined 
hydrogen  Baliner-m 
spectrum,  provides  a 
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DESIGN  OF  THE  VLG-11  ELECTRONICS 


All  the  electronics  systems  for  the  VLG-11  masers  are  of  new 
design  in  both  their  circuitry  and  their  packaging.  Design  aspects  of 
particular  significance  are  discussed  in  the  following  sections. 

Phaselock  Receiver 

An  RF  preamplifier,  immediately  following  the  isolator,  has  been 
incorporated  into  the  VLG-11  receiver.  The  noise  figure  of  the  ampli- 
fier is  less  than  5.0  db,  which  compares  very  favorably  with  the  10.0-db 
noise  figure  at  the  balanced-mixer  input  of  the  earlier  VLG-10  re- 
ceivers. The  preamplifier  is  temperature  controlled  within  the  isolator 
enclosure  to  help  stabilize  the  input  impedance  so  as  to  present  a more 
constant  impedance  at  the  isolator  output. 

A first  IF  frequency  of  340  MHz  has  been  selected  to  permit  the  use 
of  a low-Q  image-rejection  filter  at  the  input  to  the  first  mixer.  This 
filter  removes  the  noise  contribution  at  the  image  frequency  and  fur- 
ther improves  the  effective  noise  figui^e  of  the  receiver. 

The  output  frequency  of  the  master  crystal  oscillator  at  the  re- 
ceiver is  60.0  MHz,  which  is  multiplied  to  1080  and  360  MHz  for  the 
first  and  second  local-oscillator  frequencies,  respectively,  and  divided 
to  20,  5,  and  1.0  MHz  for  the  third  local -osci 1 lator  frequency  and  for 
utility  outputs.  Buffered  isolated  outputs  are  provided  at  360,  60,  5.0 
(two  independent  outputs),  and  1.0  MHz. 

The  upper  unit  in  Figure  10  is  the  receiver  package,  shown  -lout.r. 
into  the  maser  frame.  The  large  square  box  in  the  right  center 
receiver  is  the  oven-controlled  multiplier-divider  assembly. 
amplifier,  buffer  amplifiers,  and  phaselock  circuits  are 
shielded  plug-in  modules  to  the  left  of  the  oven. 


A0-A043  856 


UNCLASSIPltO 


NATIONAL  AERONAUTICS  AND  SPACE  ADMINISTRATION  8RCENB— ETC  F/8  l4/» 
P^OCEEOInOS  of  The  annual  precise  time  and  time  interval  (PTTIl— ETC(U) 


NASA-SSFC-X-81R-77-1R9 


NL 


Digital  Synthesizer 


The  digital  synthesizer  for  the  VLG-11  maser  has  been  specifically 
designed  for  maser  applications.  It  is  tunable  from  405750.000  to 
405753.999  Hz  in  discrete  steps  of  0.001  Hz.  The  synthesizer  concept 
combines  both  direct  and  indirect  synthesis  techniques.  The  four  tunable 
digits  are  generated  by  divide-by-N  phaselock  loops,  which  are  carefully 
designed  to  minimize  spurious  outputs.  All  reference  carrier  frequencies 
are  5 kHz  or  greater  to  simplify  the  problem  of  suppressing  reference- 
frequency  modulation  of  the  loop's  voltage-controlled  oscillator. 

All  the  digital  logic  within  the  synthesizer  is  CMOS,  offering  the 
twin  advantages  of  very  low  power  consumption  and  freedom  from  switch- 
ing transients.  The  highest  internal  frequency  within  the  synthesizer 
is  5.0  MHz,  the  clock  signal.  The  absence  of  high-frequency  signals 
simplifies  circuit-board  and  backplane  wiring  and  permits  the  use  of 
card  extenders  for  servicing. 

The  digital  synthesizer  requires  approximately  6 watts  at  +28  volts 

for  operation  and  can  be  operated  directly  from  an  emergency  battery 

system.  The  short-term  stability  of  the  synthesizer  has  been  measured 
-13 

at  4 X 10  for  a 100-sec  Allan  variance,  which  corresponds  to  an  over- 
all maser-system  contribution  of  approximately  1.2  x 10”^®  at  100  sec. 

It  should  be  noted  that  these  stability  measurements  indicate  only  an 
upper  bound  - instrumental  limitations  establish  a noise  floor  at  about 
1 X 10"^^  for  our  measurements  at  405  kHz. 

Figure  10  shows  the  mechanical  packaging  of  the  synthesizer,  di- 
rectly below  the  receiver  unit.  Five  of  the  seven  individually  shielded 
printed-circuit  boards  are  shown  installed.  Each  shielded  module  can  be 
operated  on  a board  extender  to  facilitate  troubleshooting  and  servicing. 
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Maser  Control  Systems 


Exhaustive  thermal  testing  of  the  probe  maser  clearly  demonstrated 
that  thermal  gradients  along  the  vacuum  tank  are  the  primary  contributor 
to  the  ambient -temperature  sensitivity  of  the  maser  cavity.  Increased 
thermal  gain  or  improved  preamplifier  stability  alune  is  ineffectual  in 
attacking  this  problem;  however,  division  of  the  tank  (and  oven)  sur- 
face into  independently  sensed  and  controlled  zones  has  shown  itself  to 
be  a powerful  technique  for  minimizing  gradient  problems.  Accordingly, 
the  vacuum  tank  is  divided  into  three  zones  - dome,  cylinder,  and  base  — 
each  of  which  has  its  own  sensing  thermistor,  amplifiers,  and  heater 
windings.  Each  zone  can  respond  independently  to  external  thermal  loads 
without  materially  affecting  the  temperature  of  other  zones.  To  minimize 
the  thermal  stress  on  the  vacuum- tank  controllers,  the  oven  is  divided 
into  a dome-cylinder  zone  and  a base  zone;  each  of  these  is  independently 
controlled.  The  isolator-preamplifier  box  is  a separate  thermal  zone, 
making  a total  of  six  distinct  thermal -control  zones.  The  circulating 
air,  which  controls  the  temperature  of  the  pump,  the  dissociator,  and 
the  upper  maser  electronics,  is  an  entirely  independent  system  with  self- 
contained  sensors  and  electronics. 

Hydrogen  for  operation  of  the  dissociator  is  furnished  from  a two- 
liter  gas  bottle  pressurized  to  approximately  100  psi.  The  relatively 
low  pressure  permits  the  use  of  a small,  thermally  agile  palladium  valve. 
Hydrogen  pressure  within  the  dissociator  is  sensed  by  a thermistor 
Pirani  gauge,  which  is  incorporated  into  a resistance  bridge  along  with 
an  identical  thermistor  that  senses  the  high-vacuum  side  of  the  pumping 
system.  The  bridge  output,  which  is  independent  of  ambient  temperature 
variations  to  first  order,  drives  a servo  system  that  controls  the  dis- 
sociator pressure  by  varying  the  temperature  of  the  palladium  valve. 

The  pressure  and  thermal -control  electronics  are  housed  in  a con- 
troller assembly  mounted  on  the  maser  cabinet  frame.  The  controller 
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assembly  can  be  seen  at  the  top  of  Figure  11,  with  one  of  the  individ- 
ually shielded  printed-circuit  boards  plugged  into  the  back  plane.  The 
critical  preamplifiers  for  the  three  zones  of  the  vacuum- tank  heater 
are  located  within  the  maser  physics  package  in  the  thermally  controlled 
upper  maser  electronics  assembly.  Figure  12  shows  the  controller 
assembly  swung  out  on  its  hinges.  The  hinge  arrangement  permits  con- 
venient access  to  the  rear  of  the  assembly  for  maintenance  and  service 
without  interruption  of  power  or  signal. 

A rear  view  of  the  maser  (Figure  13),  taken  early  in  the  fabrica- 
tion phase,  shows  the  power-amplifier  assembly,  which  mounts  the  power 
transistors  for  the  thermal  and  pressure  controls. 

Monitoring  System 

The  VLG-11  provides  front-panel  analog  metering  for  32  functions. 
All  metering,  including  eight  receiver/synthesizer  functions,  is  central 
ized  on  the  monitor  panel,  which  is  visible  at  the  top  of  the  rack  in 
Figure  11.  LED  lamps  provide  a quick-look  indication  of  the  status  of 
the  subsystems,  while  a small  LED  numerical  readout  continuously  dis- 
plays the  four  least-significant  digits  of  the  synthesizer  output  fre- 
quency. 

In  addition  to  the  conventional  panel  meter  with  selector-switch 
monitoring,  the  VLG-11  provides  an  internal  telemetry  system.  Thirty- 
one  channels  of  voltage  or  current  data  are  normalized  to  a standard 
0-  to  +5. 0-volt  range,  buffered,  and  brought  out  to  a 61-pin  cylindrical 
connector  on  the  front  panel.  In  addition,  five  monitoring  thermistors 
are  accessible  through  this  connector  to  permit  convenient  measurements 
of  vacuum  tank  and  oven  temperatures. 


PERFORMANCE  AND  STABILITY  DATA  OF  THE  VLG-lOA  AND  EXPECTED  DATA  FROM 
THE  VLG-11  MASER 

VLG-lOA  Data 

The  most  critical  environmental  tests  on  VLG-lOA  masers  published 
so  far  have  been  made  under  the  direction  of  Dr.  A.  Rogers  of  Haystack 
Observatory  using  two  VLG-lOAs  and  a Goddard  NP  series  maser. ^ The 
following  parameters,  taken  from  that  publication,  are  for  the  SAO 
VLG-lOA  maser  serial  number  P-4: 

Temperature: 

1 3f  r in"14/or 
7 ?r  X 10  /°C 

Pressure: 

< 1.7  X lO'^^/"  Hg 

Magnetic  field: 

i II  ^ 1 X 10‘^^/gauss 

Stability  data  are  shown  in  Figure  14. 

VLG-11  Data 

From  data  obtained  from  tests  on  the  VLG-11  maser  during  assembly, 
we  can  make  the  following  projections  about  systematic  effects: 

A.  Thermal  insensitivity  will  be  improved  by  a factor  of  at  least 
3,  since  the  intrinsic  thermal  sensitivity  of  the  cavity-bulb  assembly 
has  been  found  to  be  about  3 times  lower,  and  we  can  also  expect  a con- 
siderable improvement  from  the  thermal  redesign. 


Comments 

'\-l-day  time  constant 

beyond  limit  of  sensitivity  for 
0.15"  Hg  pressure  modulation 
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B.  The  axial  shielding  factor  will  see  an  improvement  by  a factor 
of  about  1.6.  Our  tests  on  torrispherical  shields  indicate  a 40%  im- 
provement in  the  ratio  of  axial  to  transverse  shielding  for  a single 
shield.  From  operating  tests  of  the  physics  package  of  the  VLG-11  maser, 
we  observe  that  we  can  operate  the  maser  at  a field  of  0.350  mgauss 
(500-Hz  Zeeman  frequency).  This  allows  a direct  two-fold  improvement 

in  magnetic  sensitivity,  which,  combined  with  the  improved  shielding 
factor,  should  yield  a net  improvement  by  a factor  of  3. 

C.  The  modified  VLG-lOA  cavity  design  exhibits  a barometric- 
pressure  sensitivity  that  is  lower  than  can  be  measured  adequately  within 
the  ambient-pressure  range  available  at  the  Haystack  Observatory.^  The 
VLG-11  cavity  structure  is  more  rugged  and  better  isolated  than  the 
VLG-lOA,  as  the  strain  relief  of  the  attached  coaxial  cables  has  been 
improved,  so  we  expect  better  performance  from  the  new  design.  To  verify 
the  improvement  in  barometric  sensitivity,  a special  chamber  is  under 
construction  at  SAO  to  permit  testing  over  an  ambient-pressure  range  of 
+0.0  to  +2.0"  Hg  (approximately  1 psig). 

D.  Improvement  of  the  noise  figure  of  the  maser  receiver/ synthe- 
sizer by  a factor  of  about  5 will  result  from  using  a preamplifier  with 
a 5-db  noise  figure  instead  of  the  13-db  effective  noise  figure  of  the 
diode  mixer  in  the  VLG-lOA  system.  The  short-term  stability  in  the 
T'^  portion  of  the  Allan  variance,  which  is  associated  with  additive 
white  phase  noise,  will  be  reduced  by  /5,  or  about  2. 

Figure  14  shows  the  anticipated  performance  of  the  VLG-11  with 
all  the  above  factors  taken  into  account. 
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FIGURE  CAPTIONS 


Fig.  1 - VLG-11  cavity-bulb  assembly. 

Fig.  2 - VLG-lOA  and  VLG-11  cavity-bulb  assembly. 

Fig.  3 - VLG-lOA  and  VLG-11  cavity  structure  and  stress  load  paths. 

Fig.  4 - VLG-lOA  and  VLG-11  magnetic  shields  and  oven  assembly. 

Fig.  5 - VLG-11  magnetic  shields. 

Fig.  6 - Two-sided  printed-circuit  solenoid  for  VLG-11  maser. 

Fig.  7 - VLG-10  and  VLG-11  thermal -control  system. 

Fig.  8 — VLG-10  and  VLG-11  ion-pump  vacuum  manifold  and  dissociator 
state  selector. 

Fig.  9 - VLG-11  ion-pump  and  neck  assembly. 

Fig.  10  - VLG-11  receiver  and  synthesizer. 

Fig.  11  - VLG-11  maser  front  view. 

Fig.  12  - VLG-11  maser  front  view  showing  electronics  assemblies  opened 
for  inspection. 

Fig.  13  - Rear  view  of  VLG-11  maser  showing  power-ampl  if  ier  assembly  and 
heat  sink. 

Fig.  14  - VLG-10  maser  stability  data  and  projected  VLG-11  peformance. 

Error  bars  show  the  spread  between  a number  of  individual  data 
sets.  Crosses  are  for  a single  data  set. 


Fig.  1 VLG-11  cavity-bulb  assembly. 
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CAVITY  STRUCTURE 


Fig.  3 VLG-lOA  and  VLG-11  cavity  structure  and  stress  load  paths. 


MAGNETIC  SHIELDS -OVEN  ASSEMBLY 


Fig.  4 VLG-lOA  and  VLG-11  magnetic  shields  and  oven  assembly. 


I 


\ 

1 

I 


0.01  STABILITY  AT  TH[ 
CONTROL  THCRHISTOR 


VLG-lO-lOA  AND  VLG-II  ION  PUMP  MANIFOLD  AND 
DISSOCIATOR  - STATE  SELECTOR 


!)  VLG-ll  ion-pum|)  ;ind  neck  assembly. 


271 


FIk-  12  maser  front  view  showing  electronics  assemblies 

opened  for  inspection. 
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FIr.  13  Rear  view  of  VLG-11  maser  showing  power-amplifier 
assembly  and  heat  sink. 
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SPACE-BORNE  HYDROGEN  MASER  DESIGN 

R.  F.  C.  Vessot,  M,  W.  Levine,  E.  M.  Mattison,  T.  E.  Hoffman, 

E.  A.  Imbier,  M.  Tetu,*  and  G.  Nystrom 
(Smithsonian  Astrophysical  Observatory), 

J.  J.  Kelt,  Jr.,  H.  F.  Trucks,  and  J.  L.  Vaniman 
(Marshall  Space  Flight  Center) 

ABSTRACT 

The  gravitational  redshift  rocket  probe  experiment, 
with  a specially  developed  space-qualified  hydrogen 
maser  as  the  principal  component  of  the  payload,  was 
successfully  flown  July  18,  1976.  The  experiment 
strategy  and  the  requirements  for  the  maser  are 
reviewed,  and  the  design  features  developed  to  meet 
the  requirements  are  described.  Stability  data  of  the 
space  maser  taken  during  the  flight  with  a three-link 
doppler  canceling  system  are  discussed. 

INTRODUCTION 

The  objective  of  the  gravitational-redshift  experiment  is  to 
compare  the  rate  of  a space-borne  clock  (representing  the  "proper"  clock 
of  idealized  relativity  "gedanken"  experiments)  moving  over  a wide  range 
of  gravitational  potential  against  a set  of  clocks  in  a constant  gravi- 
tational potential.  This  experiment  was  realized  June  18,  1976,  by 
using  a clock  launched  into  space  in  a nearly  vertical  trajectory  whose 
apogee  altitude  was  about  10000  km.  This  paper  will  concentrate  on  the 
design  aspect  of  the  space  maser  used  in  that  experiment. 

The  gravitational-redshift  rocket-probe  experiment  was  performed 
jointly  by  the  Smithsonian  Astrophysical  Observatory  (SAO)  and  the 


^Currently  at  Laval  University,  Quebec  City,  Canada. 
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George  C.  Marshall  Space  Flight  Center  of  the  National  Aeronautics 
Space  Administration  (NASA/MSFC).  At  the  present  time,  although  the 
final  data  have  yet  to  be  generated,  the  experiment  has  successfully  met 
its  objectives.  The  following  is  an  account  of  some  aspects  of  the 
design  of  the  maser  for  space  and  the  rationale  behind  some  technical 
decisions  made  to  meet  a very  stringent  set  of  environmental  and  weight 
restrictions.  In  addition,  this  paper  serves  to  update  an  early 
description  of  the  maser  published  in  1974^;  in  the  hardware  description 
of  that  report,  the  fourth-stage  rocket  motor  was  still  to  remain 
attached  to  the  spin-stabilized  payload. 

The  gravi tational -redshi ft  rocket-probe  experiment  evolved  from  the 
originally  proposed  24-hour  eccentric-orbi t experiment  powered  by  a 
Titan  3C  system^”^  in  order  to  make  use  of  the  far  more  modest  Scout  D 
propulsion  system.  The  experiment  became  a one-shot  up-down  comparison 
of  a probe  oscillator  with  a ground  oscillator,  and  the  strategy  for  the 
experiment  became  considerably  more  demanding  than  originally  planned 
for  the  orbital  mission. 

From  the  dynamics  of  a body  falling  nearly  vertically  in  the 
gravity  field  of  the  earth  and  from  the  known  behavior  of  atomic  hydro- 
gen masers,  we  can  establish  a very  rough  optimum  situation,  based  on 
the  following  considerations: 

A.  Allow  enough  time  aloft  to  stabilize  whatever  launch-induced 
perturbations  may  occur  and  minimize  the  effect  of  such  thermal  and 
mechanical  perturbations  so  that  the  maximum  possible  stable  operating 
time  is  available. 

B.  Keep  the  payload  in  communication  with  the  ground  station 
throughout  the  mission,  concentrating  on  obtaining  data  from  apogee  down 
to  altitudes  as  low  as  possible  at  the  end  of  the  mission. 

Owing  to  the  1/R  gravity  potential  acting  on  a freely  falling  body, 
the  time  available  for  measurements  near  impact  is  a relatively  insensi- 


live  function  of  the  time  aloft,  and  the  strategy  therefore  is  to  obtain 
a minimum  period  of  about  2 hours,  attaining  apogee  redshift  values 
greater  than  4 parts  in  10^*^.  The  upward  branch  of  the  trajectory  would 
also  contain  some  data;  however,  because  of  the  propulsion  phase  and 
payload  stabilizing  time,  these  data  will  be  of  less  value  than  the  data 
from  the  later,  downward  branch. 

Obviously,  no  time  would  be  available  for  the  more  conventional 
spacecraft  outgassing  and  thermal  stabilizing.  Furthermore,  since  it 
would  be  a one-shot  mission,  both  the  space  and  the  ground  equipment 
would  have  to  operate  without  interruption  and  with  the  required  sta- 
bility throughout  the  mission.  The  experiment  had  to  start  from  a very 
stable  operating  condition  before  launch  and  maintain  thermal  and 
mechanical  stability  throughout.  This  plus  the  weight  limitations 
resulting  from  the  vehicle  constraints  placed  rather  stringent  design 
requirements  on  the  experiment. 

The  hypothesis  being  tested  is  that  the  rate  of  the  proper  clock 
will  vary  according  to  the  expression 

Af  _ ^ 

f - a 2 
c 

where  Af/f  is  the  fractional  shift  observed  in  the  proper  clock,  is 
the  variation  in  the  gravitational  potential  of  the  clock,  and  c is  the 
velocity  of  light.  The  parameter  a is  taken  as  unity  according  to  the 
principle  of  equivalence,  and  departures  from  unity  in  this  test  will  be 
given  by  c,  where  a = 1 ± e.  The  best  previous  test,  made  over  a 75-ft 
vertical  distance  by  using  the  Fe^^  Mossbauer  effect,  was  done  in  the 
early  1960s  by  R.  V.  Pound,  G.  A.  Rebka,  and  J.  L.  Snider,  who  placed  a 
1%  1 imit  on  c. 
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Our  goal  is  to  test  the  above  expression  for  AiJ)/c  to  as  high  a 
precision  as  possible.  Ignoring  all  other  perturbations  in  the  system, 
the  maximum  objective  is  limited  by  the  relative  stability  of  the  maser 

clocks,  which,  for  100-sec  averaging  intervals  and  beyond,  is  assumed  to 

14  2 - 1 0 
be  1 part  in  10  . Therefore,  for  4 x 10  , the  precision  of 

the  test  is  constrained  to  a 25-ppm  upper  limit.  The  system  for 

removing  the  first-order  and  ionospheric  doppler  effects  is  shown  in 

Figure  1 . 

The  design  strategy  for  the  experiment  is  to  make  all  other  contri- 

14 

butions  of  system  instability  well  below  1 part  in  10  for  time  inter- 
vals from  100  sec  to  the  end  of  the  flight. 

MASER  DESIGN  REQUIREMENTS 

The  first  requirement  is  that  of  survival  through  the  vibration, 
shock,  acoustical  pressures,  and  decompression  of  launch  by  the  four- 
stage,  solid-fueled  Scout  system  into  a zero  g and  spinning  condition 
while  in  space.  Of  the  total  payload  equipment,  the  hydrogen  maser  and 
the  newly  designed  ainronia  cooling  system  for  the  transponder  are  the 
only  types  of  items  that  had  not  previously  been  flown  in  space. 

At  the  outset,  we  allowed  about  90  lb  for  the  maser  and  adhered  as 
closely  as  possible  to  this  limit.  The  requirements  for  its  survival 
and  operation  in  space  were  as  follows: 

A.  The  maser-frequency  fixed-frequency  offset  resulting  from  the 

1 2 

trauma  of  launch  should  be  small,  less  than  5 parts  in  10  , stabiliz- 

14 

ing  within  about  10  min  to  an  overall  stability  of  1 part  in  10  for 
the  remainder  of  the  mission. 

B.  Thermal,  zero  g,  spin,  and  pressure  effects  from  the  transition 

into  space  causing  possible  longer  term  instability  must  be  less  than 
-14 

1 X 10  either  by  calibrating  for  various  environmental  factors  duri ng 
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preflight  simulation  tests  or  by  engineering  the  maser  to  cope  with  its 
iimediate  environment  at  this  level  of  stability. 

C.  The  maser  should  be  built  so  as  to  operate  continuously  for 
about  9 months  to  allow  time  for  its  gual ification  testing  and  calibra- 
tion and  to  permit  it  to  operate,  without  alteration,  as  a piece  of  flight 
hardware;  this  includes  several  weeks  of  preflight  stabilization. 

Mr,SER  FREQUENCY  PERTURBATIONS 


The  principal  systematic  freguency  variation  of  hydrogen  masers  is 
described  by  the  following  expression; 
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The  first  term  is  the  cavity-resonance  mistuning,  or  "pulling,"  effect, 
and  the  second  is  the  second-order  magnetic-field  dependence  of  the 
atomic  hydrogen  hyperfine  transition  F = 1 , Mp  = 0 ->■  E = 0,  Mp  = 0. 

0^  is  the  cavity  resonator  Q,  and  Q^  is  the  Q of  the  atomic  transition, 
which  depends  on  the  geometry  of  the  hydrogen-maser  storage  bulb,  the 
guality  of  the  wall  coating,  and  the  collision  rate  of  the  atoms  among 
themselves  (spin-exchange  processes).  This  last  process  is  a function 
of  beam  input  flux,  which,  in  turn,  can  be  represented  in  terms  of  the 
maser  output  power  level. 

Two  aspects  of  the  cavity-resonance  shift  especially  concern  us: 

1)  the  variation  in  Af^  during  the  mission,  and  2)  the  average  magnitude 
of  Af^  as  a result  of  the  combination  of  shake,  shock,  and  zero  gravity 
that  occurs  from  earth-bound  conditions  through  to  the  free-fall  condi- 
tion after  powered  flight  ceases.  The  effect  of  cavity-resonance  varia- 
tions is  obvious  in  eguation  (1).  However,  if  there  is  also  a large 
fixed  offset  (f^  - f^),  we  are  further  subject  to  output  freguency 
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variations  due  to  variations  in  resulting  from  changes  in  atomic 
hydrogen  flux  during  the  mission.  These  changes  in  flux  result  in 
changes  in  power  level  W,  and  the  measured  power  level  was  used  as  a 
measure  of  the  beam  flux  for  calibration. 


In  the  probe  maser,  the  cavi ty-resonance  frequency  is  subject  to 
many  changes  — in  the  gas  pressure  P of  the  enclosure  surrounding  the 
cavity  vacuum  system,  in  temperature  T,  in  rotation  rate  Q (centrifugal 
stretching),  and  in  the  magnetic  field  B of  the  microwave  ferrite 
isolator  in  the  output  radio-frequency  line  from  the  maser  cavity.  This 
last  effect,  found  during  magnetic  calibration  of  the  probe  maser,  was 
traced  to  t^ie  isolator  ferrite's  magnetic  resonance;  it  turns  out  that 
this  resonance  is  affected  by  external  fields  despite  what  had  previous- 
ly seemed  to  be  adequate  levels  of  magnetic  shielding  about  the  isolator. 


The  expression  describing  all  the  known  perturbations  to  the  output 
frequency  of  the  maser  is 
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In  the  magnetic  calibration  of  the  maser,  we  found  that  the  cavity 
effect  dominated,  and  the  calibration  correction  includes  both  effects 
simul taneously. 

The  magnetic-field  behavior  was  measured  by  simulating  the  magnetic 
history  of  the  payload  before  launch,  during  launch,  and  throughout  the 
flight.  A standard  initial-condition  state  magnetization  of  the  mag- 
netic shields  was  ensured  by  a pregaussing  operation  performed  before 
the  vehicle-erection  phase  of  both  the  actual  flight  and  the  magnetic 
simulation  of  the  flight.  We  had  previously  obtained  the  magnetic 
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conditions  from  a survey  of  the  launch  area  and  from  measurements  at  the 
position  of  the  maser  in  the  launcher  while  the  launcher  was  being 
erected.  The  fields  during  liftoff  and  into  the  trajectory  were 
obtained  from  earth  field  models,  and  the  effect  of  the  spinup  of  the 
probe  at  the  appropriate  earth  field  is  incorporated  in  the  simulation. 
The  simulation  of  the  rapid  ascent  into  the  vacuum  of  space  was  also 
included  at  the  appropriate  time  in  the  sequence. 

The  magnetic  field  encountered  during  the  flight  has  been  deter- 
mined from  standard  earth  models.  At  present,  only  the  axial  component 
appears  to  be  important.  The  algorithm  developed  for  the  magnetic 
influence  on  the  probe  output  frequency  has  two  branches,  owing  to 
hysteresis  effects  in  the  magnetic  shields.  The  following  algorithm  was 
developed  in  the  magnetic  calibrations: 

= -5.899  X lO'^^  B • , ascending  , 

t 3 X 1 cl  I 

^ = -12.721  X 10‘^^  B . , descending 
f axial  ^ 

The  sign  convention  is  that  the  plus  direction  of  field  enters  the  earth 
at  its  north  magnetic  pole. 

The  effect  of  temperature  variations  was  measured  via  telemetry  in 
terms  of  the  aft-oven  heater  voltage.  The  frequency  variation  due  to 
this  effect  was  determined  during  tests,  with  the  following  algorithm 
for  frequency  versus  aft-oven  voltage: 

^ = -3.6  X 10’^^  AV 

The  effect  of  pressure  variations  measured  in  the  dome  enclosing 
the  forward  assembly  of  the  maser  was  determined  by  calibration  to  be  as 
fol lows: 
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~ = -2.9  - 10'^^  AP 


where  AP  is  in  psi.  The  pressure  was  measured  by  telemetry. 


The  effect  of  spin-rate  variations  on  the  output  frequency  of  the 
maser  was  measured  during  tests,  from  which  we  developed  the  following 
al gori thm: 
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where  SI  is  in  rpm.  The  spin  sensor  provided  rotation-rate  data  through 
the  telemetry  system. 


The  effect  of  the  power-level  variation  is 
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= 1 .22  X 10"^  Af  AW 


V,S2,P 


where  AW  is  in  ergs/sec  and  f is  in  Hz.  In  these  calculations,  values 
4 ^9 

of  = 3.4  X 10  and  =1.11  x 10  were  determined  for  the  probe  for 
conditions  of  flight  operation. 

During  prelaunch  testing  at  MSFC,  we  established  the  offset  frequen- 
cy between  the  probe  maser  and  the  ground  masers  under  the  conditions  at 
which  the  probe  would  be  operated.  This  fixed  offset  was  chiefly  due  to 
wall-shift  variations  in  the  bulb  coatings  and  to  the  differences  in 
bulb  temperatures,  which  caused  differences  in  second-order  doppler 
shifts  from  the  stored  hydrogen  atoms.  The  importance  of  this  calibra- 
tion lies  in  our  being  able  to  measure  the  cavity  shift  Af^  when  the 
probe  was  at  apogee,  where  the  time  variation  of  the  output  beat  fre- 
quency from  the  doppler  canceling  system  was  least.  This  estimate  of 
Af^  enabled  us  to  set  the  value  for  the  frequency  shift  due  to  flux 


2H4 


above.  The 


changes  as  observed  from  power  changes  given  by 

^ 'V,  ,P 

frequency  offset  at  apogee  due  to  relativity  must  be  assumed  to  be  as 
predicted  by  the  equivalence  principle  at  slightly  better  than  the  1 
level  for  this  determination.  Our  first  cut  at  determining  the  cavity 
offset  revealed  that  the  cavity  was  mistuned  in  frequency  by  about 
-36  Hz,  which  makes 
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MECHANICAL  DESIGN 


The  Cavity-Bulb  Structure 

The  mechanical  and  thermal  requirements  of  the  cavity  itself  were 

★ 

met  by  making  it  of  CER-VIT.  Details  of  the  design  will  follow  in  later 
sections;  for  the  present,  we  must  recognize  that  the  overall  thermal 
coefficient  of  the  resonance  frequency  of  the  cavity-bulb  assembly  is 
about  -800  Hz/°C. 

At  the  outset,  we  realized  that  the  thermal  design  of  the  maser 
would  impose  a special  set  of  problems,  and  we  established  very  demanding 
requirements  for  temperature  excursions  at  the  critical  areas  near  the 
cavity  assembly.  Estimates  of  the  temperature  variation  on  the  mounting 
points  and  the  conditions  of  radiative  coupling  into  space  provided  the 
boundary  conditions  for  computer  solution  at  MSEC  to  help  provide  design 
information  to  SAD  for  thermal  control  of  the  maser. 


The  maser  bulb  is  a 7"-diameter  quartz  sphere  attached  to  a 
cylindrical  mounting  skirt,  also  of  quartz,  by  four  1"  welds.  The 
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skirt,  in  turn,  is  fastened  to  the  CER-VIT  end  plate  by  means  of  torr- 
seal  epoxy.  The  bulb  collimator  is  integral  to  the  bulb  structure. 

The  bulb  is  coated  with  FEP-120  Teflon.  The  cavity  cylinder,  made 
of  CER-VIT  101,  is  11"  in  diameter  and  9 1/2"  long  and  has  an  0.2"  wall. 
The  cavity  end  plates  are  press  moulded  of  CER-VIT  and  have  reinforcing 
ribs  on  the  outer  surfaces  for  lightness  and  stiffness.  All  interior 
conducting  surfaces  of  the  cavity  are  coated  with  evaporated  copper 
about  0.0003"  thick.  This  thin  coating  is  ductile  and  prevents  the 
cavity  from  being  distorted  by  thermal  expansion  of  the  copper. 

The  cavity  is  cut  to  the  appropriate  length  and  the  joints  lapped 
for  mechanical  stability.  Before  the  bulb  end  plate  was  released  for 
final  assembly,  it  was  shock  and  vibration  tested  under  vacuum  to  verify 
the  integrity  of  all  joints  - particularly  those  between  the  quartz  cyl- 
inder and  the  sphere.  The  cavity  is  assembled  within  the  vacuum  enclo- 
sure, as  shown  in  Figure  2,  by  using  a special  press  that  forces  the 
upper  end  of  the  vacuum  tank  to  close  against  the  Bellville  spring.  The 
previously  calibrated  behavior  of  force  vs.  deflection  in  the  spring  was 
verified  during  assembly  by  observing  the  cavity  resonance  as  the  spring 
was  compressed.  The  CER-VIT  cavity  in  this  case  acted  as  a load  cell  to 
monitor  the  applied  force.  When  appropriate  load  and  deflection  were 
achieved,  the  vacuum  tank  was  welded  shut  and  the  tank  was  removed  from 
the  press. 

The  lower  part  of  the  cavity  is  supported  by  12  beryllium  copper 
(BeCu)  tangentially  oriented  rollers  seated  on  a hardened  BeCu  ring  to 
allow  for  differential  thermal  expansion  of  the  aluminum  tank  cover  and 
the  CER-VIT.  In  the  upper  assembly,  this  function  is  done  by  the  Bell- 
ville spring.  The  vacuum  tank  has  an  access  port  for  cavity  fine  tuning 
by  means  of  a mechanical  adjustment.  Electronic  fine  tuning  is  done  via 
a loop  and  varactor  diode  located  in  the  lower  cavity  end  plate.  Dia- 
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metrically  opposite  this  is  the  output  coupling  loop.  The  cavity  compo- 
nents are  shown  in  Figure  3. 

The  thermal -control  system  for  the  probe  maser  is  shown  in  Figure  4 
and  discussed  in  detail  in  a later  section. 

Magnetic  shielding  for  the  probe  maser  is  interleaved  between  and 
supported  by  layers  of  machined  polyurethane  foam  insulation,  as  shown 
in  Figure  5.  There  are  four  layers  of  0.014"  molypermal 1 oy  magnetic 
shields,  which,  strangely  enough,  offer  better  shielding  than  we  can  get 
from  0.032"  mo ly permalloy.  The  0.014"  thickness  is  .very  difficult  to 
handle,  very  unstable,  and  easily  dented  and  deformed,  all  of  which  can 
severely  deteriorate  the  shielding  factor.  The  effect  of  stress  is 
illustrated  in  Figure  6,  which  describes  the  change  in  shielding  factor 
resulting  from  stress  in  the  exterior  shield. 

Figure  7 shows  the  preamplifiers  and  voltage-reference  electronic 
boards  mounted  on  the  aft-oven  cover. 

Finally,  to  complete  the  description  of  the  cavity-bulb  assembly. 
Figure  8 shows  the  lightweight  C-field  solenoid,  located  inside  and 
close  to  the  innermost  magnetic  shield.  It  is  wound  in  three  sections; 
each  section  is  in  two  layers  wound  with  the  same  pitch  and  having  the 
plus  and  minus  leads  carefully  superimposed  to  minimize  stray  magnetic 
fields  from  nonsolenoidal  current  distributions. 

The  Midplane-Plate  Assembly 

The  main  structural  member  of  the  experiment  - and  the  structural 
interface  with  the  spacecraft  - is  the  aluminum  midplane  plate,  shown  in 
Figure  9.  The  midplane-plate  assembly,  18"  in  diameter  and  1.91"  deep, 
weighs  3.1  lb.  The  electronics  are  located  in  12  triangular  bays,  11  of 
which  house  the  major  portion  of  the  electronics;  each  bay  contains  two 
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Drinted-circuit  cards.  The  temperature-sensitive  electronics  are  placed 
on  the  oven  cover  just  forward  of  the  midplane  plate,  within  the  tempera- 
ture-controlled zones  previously  described.  The  remaining  bay,  which  has 
a test  connector  at  its  outermost  radius,  serves  to  pass  interconnections 
between  the  forward  and  the  aft  assemblies.  The  bays  are  then  covered 
with  an  0.062"-thick  aluminum  plate  on  which  the  ancillary  equipment  aft 
of  the  midplane  plate  is  mounted.  The  aluminum  plate  provides  a precis- 
ion outside  diameter  to  engage  a bore  in  the  spacecraft's  mounting  plate 
so  that,  when  the  two  plates  are  mated,  radial  definition  is  established 
in  two  planes.  The  midplane  plate  also  has  12  mounting  holes  for  secur- 
ing the  experiment  in  the  thrust  axis.  Figure  9 shows  the  plate  with  its 
wire  harness. 

The  Vacuum  Manifold 

The  aft  vacuum  assembly  (see  Figure  10)  is  a two-pump  system:  an 
SAES  Getters  (Italy)  Sorbac  cartridge  shown  in  Figure  11  and  a Varian 
0.2-liter  ion  pump.  The  former  pump,  which  works  by  chemically  entrap- 
ping hydrogen  atoms  to  form  hydrides  of  zirconium,  is  the  prime  hydrogen 
pump.  If  the  cartridge  should  become  saturated,  i.e.,  unable  to  pump 
hydrogen,  it  can  be  regenerated  by  high-temperature  bakeout  by  applying 
an  external  voltage  to  its  internal  resistance  heater  and  by  connecting 
the  maser  to  a laboratory  pumping  system  to  remove  the  released  hydrogen. 

The  0.2-liter  ion  pump  is  used  for  noble-gas  pumping.  Its  capacity 
is  sufficient  to  maintain  a system  pressure  of  less  than  1 x 10  ^ torr 
for  the  9 months  before  launch.  The  ion  pump  also  serves  as  a pressure 
gauge  for  the  evacuated  envelope  since  the  ion  current  can  be  correlated 
with  gas  pressure. 

The  aft  vacuum  assembly  also  contains  a hexapole  magnet,  mounting 
ports  for  the  Pirani  gauges,  and  ionization  glassware  and  hydrogen- 
introduction  apparatus. 
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The  hexapole  magnet,  which  was  developed  by  Frequency  and  Time 
Systems,  Inc.,  Danvers,  Massachusetts,  weighs  about  2 lb  and  has  a bore 
of  0.125",  a length  of  3",  and  a pole-tip  field  strength  of  about  8 
kgauss.  An  0.050"-diameter  glass  stopping  disk  mounted  on  a tungsten 
wire  at  the  exit  plane  of  the  magnet  serves  to  remove  unwanted  particles 
from  the  beam  entering  the  bulb,  such  as  1)  atoms  in  the  lower  magnetic  . 
hyperfine  levels  that  are  not  sufficiently  deflected,  2)  hydrogen  mole- 
cules, 3)  gases  other  than  hydrogen,  and  4)  ultraviolet  light  from  the 
dissociator,  which  has  a strong  1216  K component  that  shines  directly 
along  the  beam  through  the  pores  of  the  collimator  and  strikes  the 
Teflon  coating  at  the  apex  of  the  bulb.  Such  relatively  high-energy 
ultraviolet  light  has  a very  destructive  effect  on  Teflon  and  in  time 
can  break  down  the  long-chain  carbon  fluorine  copolymer. 

The  dissociation  of  molecular  hydrogen  to  atomic  hydrogen  is  done 
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in  a Pyrex  7740  glass  bulb,  3.5  cm  in  diameter  and  4.5  cm  long.  Exci- 
tation is  by  a three-turn  coil,  which  is  the  tank  coil  for  a single- 
transistor self-oscillator  operating  at  97  MHz  with  about  5-watt  DC 
power  input.  Since  we  had  been  having  a number  of  problems  with  earlier 
dissociator  designs  of  smaller  dimensions,  we  followed  the  dimensions 
successfully  used  by  the  maser  group  at  the  Jet  Propulsion  Laboratory.^ 
This  design  has  proved  to  be  completely  successful  and  was  subsequently 
used  to  retrofit  all  the  VLG-10  and  lOA  ground  masers.^ 

To  maintain  the  atomic  hydrogen  flux  level  within  close  limits, 
we  took  precautions  to  keep  the  temperature  very  constant  by  using  a 
forced-air  convection  circuit.  Optical  monitoring  of  the  intensity  of 
the  dissociator  plasma  discharge  was  done  with  a photodiode  and  inter- 
ference-filter combination  to  measure  the  strength  of  the  Balmer-a 
(6562  A)  red  line  and  the  light  from  a spectrally  adjacent  molecular- 
hydrogen-band  structure.  The  efficiency  of  dissociation  and  the  inten- 
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sity  of  the  RF  were  monitored  in  this  manner.  The  brightness  of  the  two 
spectral  components,  the  voltage  and  current  in  the  dissociator  oscilla- 
tor, the  hydrogen  pressure,  and  the  maser-signal  output  were  all  part  of 
the  telemetry  information  returned  to  earth  during  the  mission  for 
comparison  with  data  taken  during  9 months  of  continuous  and  varied 
tests  that  were  part  of  the  qualification  testing  program. 

Figure  12  describes  the  assembly  of  the  dissociator,  the  hydrogen 
supply,  and  the  pressure  control.  One  of  the  problems  of  confining  a 
quantity  of  hydrogen  is  the  weight  of  the  usual  gas  bottles.  We  found 
that  we  could  use  about  1 mol  of  lithium  aluminum  hydride  (LiAlH^)  to 
supply  up  to  2 mol  of  with  a net  weight  of  38  g.  Since  thermal 

dissociation  of  molecular  hydrogen  from  LiAlH^  is  very  easily  done,  we 
were  able  to  get  about  1 mol  of  at  about  80  psi  from  approximately 
29  g of  LiAlH^,  controlling  the  hydrogen  flow  (and  also  filtering  out 
impurities  and  LiAlH^  dust)  with  a palladium  silver  diaphragm.  Figure 
12  shows  the  pressure-control  system  used  in  the  probe  with  the  combined 
thermistor  Pirani  gauge  and  vacuum  reference  gauge,  the  locations  of 
which  can  be  seen  in  Figure  10  under  the  two  parallel  tubes  pointing 
upward  from  the  aft  vacuum  bulkhead.  Figure  10  also  shows  the  LiAlH^ 
container  in  the  right-hand  foreground.  The  canister  with  large  holes 
in  it  in  the  left  foreground  of  the  photograph  is  the  supporting  struc- 
ture that  surrounds  and  secures  the  LiAlH^  container. 

The  assembled  payload  with  its  shroud  removed  is  shown  in  Figure  13. 
All  the  components  are  mounted  on  a honeycomb  plate.  The  inverted  U- 
shaped  structure  in  the  foreground  is  the  radiator  that  controls  the 
dissociator  forced-air  temoerature-stabil izing  system. 

PAYLOAD-MASER  ELECTRONICS  SYSTEMS 

The  payload  electronics  systems  can  be  divided,  for  convenience  of 
description,  into  seven  functional  groupings,  as  follows: 
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A.  Active  thermal  control  and  measurement. 

B.  Atomic  hydrogen  source  control  and  measurement. 

C.  Cavity  tuning  and  magnetic-field  control. 

D.  Ion-pump  power  supply  and  measurement. 

E.  Telemetry  signal  conditioning. 

F.  Telemetry  PCM  processor. 

G.  Auxiliary  measurement  functions  (pressure,  spin). 

Each  of  these  groupings  varies  in  complexity,  in  subfunctions 
required,  and  in  the  extent  to  which  support  is  provided  for  on-board 
systems  other  than  the  maser  itself.  Command  capability  for  operating 
the  maser  is  done  by  an  umbilical  cable  up  to  the  moment  of  launch.  No 
in-flight  command  capability  is  provided. 

Thermal  Control 

The  thermal -control  requirements  for  the  maser  resonator  are 
extremely  stringent.  After  thermal  stabilization  on  the  launch  pad,  the 
vacuum-tank  temperature  at  each  of  three  points  on  the  surface  of  the 
tank  cannot  vary  by  more  than  0.01 °C  throughout  the  flight.  Figure  14 
shows  a block  diagram  of  the  payload-maser  electronics  assembly. 

The  thermal-control  system  serves  an  additional  function:  to  help 

maintain  the  pressure  within  the  outer  pressure  enclosure  constant  to 
within  +0.01  psi.  The  pressure  of  the  fixed  volume  of  air  within  the 
pressure  enclosure  responds  predictably  to  the  temperature  of  the  surface. 
Therefore,  the  surface  temperature  must  be  cl osely  control  led  to  minimize 
pressure  changes  on  the  vacuum  tank  from  the  trapped  air. 

A multi  zone,  multilevel,  thermal -control  system  is  employed  to 
satisfy  the  temperature-variation  and  gradient  requirements  of  the  maser. 
The  innermost  level  of  control  is  the  vacuum  tank,  which  immediately 
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surrounds  the  maser  cavity.  The  vacuum  tank,  in  turn,  is  divided 
into  three  zones;  the  forward  dome,  the  tank  cylinder,  and  the  aft  dome. 
Each  zone  is  independently  controlled  with  separate  thermistor  sensors, 
heater  windings,  bridge  preamplifiers,  and  power  amplifiers.  Sensor 
location,  bridge  set  points,  and  thermal  gains  are  adjusted  to  minimize 
both  thermal  gradients  and  changes  in  thermal  gradients  with  variations 
in  ambient  conditions. 

The  vacuum  tank  is  thermally  guarded  by  the  next  level  of  control, 
the  oven.  The  oven  is  divided  into  two  zones,  the  aft-oven  cover  and 
the  oven  forward  dome/oven  cylinder.  Again,  each  of  the  zones  is 
independently  controlled  with  sensors  located  so  as  to  reduce  the 
effects  of  the  ambient  temperature  on  the  gradients  across  the  oven. 
Thermal  gains  and  insulation  values  are  selected  so  that  the  oven  absorbs 
the  bulk  of  the  ambient- temperature  fluctuations,  providing  a relatively 
stable  envi ronment  for  the  more  critical  vacuum-tank  controllers. 

Surrounding  the  oven  is  the  pressure-can  heater.  Although  this 
level  of  control  provides  some  additional  thermal  isolation  for  the 
vacuum  tank,  its  primary  function  is  to  maintain  the  enclosed  air  in  the 
pressure  can  at  a constant  temperature,  and  therefore  at  a constant 
pressure.  The  pressure  can  is  a single  zone,  with  the  sensor  location 
selected  to  minimize  gradients  along  the  can. 

All  six  thermal  controllers  are  virtually  identical  in  electrical 
design,  except  for  variations  in  bridge  set  points  and  amplifier  gains 
to  accomnodate  different  requirements.  Figure  15  is  a block-diagram 
representation  of  a typical  controller. 

Temperature  is  sensed  by  a selected  "oceanographic"  thermistor, 
which  forms  one  leg  of  a bridge;  the  other  three  legs  are  very  low- 
temperature  coefficient  (±5  ppm/°C)  wire-wound  resistors.  Unbalance  of 
the  bridge  is  detected  and  amplified  by  a type  725A  integrated-circuit 
amplifier  - an  exceptionally  stable  and  low-noise  device  — and  the 
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output  of  the  725A  is  fed  back  to  the  bridge.  The  feedback  is  positive 
when  the  bridge  is  far  off  balance,  producing  an  "infinite-gain"  or 
self-oscillating  controller.  Close  to  balance,  the  preamplifier  is  a 
true  proportional  controller  with  anticipatory  feedback. 

All  the  preamplifiers,  with  the  exception  of  the  pressure-can 
unit,  are  mounted  on  the  aft-oven  cover  shown  in  Figure  7.  This  volume 
is  controlled  to  within  +1°C,  contributing  further  to  the  overall 
stability  of  the  controllers  and  minimizing  spurious  thermoelectric  and 
thermocouple  voltage  variations  on  the  thermistor  leads. 

Each  of  the  preamplifiers  feeds  a pulse-width-modulated  power 
amplifier  with  a maximum  power  capability  of  11  watts  at  minimum  battery 
voltage.  The  pulse-width-modulated  amplifiers  operate  at  a constant 
pulse  rate  of  approximately  40  kHz;  the  width  of  the  pulses  is  propor- 
tional to  the  amplifier  input  voltage.  Thus,  the  average  output  voltage 
is  directly  proportional  to  the  input  voltage,  although  the  power  tran- 
sistors are  always  operating  in  a pulse  mode,  fully  on  or  off.  The 
output  of  the  amplifier  is  carefully  filtered  at  the  output  of  the  final 
power  stage  so  that  only  the  DC  component  appears  across  the  output 
terminal s. 

The  switching  amplifier  is  quite  compact  and  efficient.  Overall 
efficiency  is  greater  than  80,b  at  full  load,  independent  of  voltage  over 
the  allowable  variation  in  battery  voltage.  The  high  efficiency 
eliminates  the  requirement  for  a massive  heat  sink  for  the  power 
transistor  and  permits  it  to  be  mounted  directly  to  the  amplifier's 
printed-circuit  board.  This  arrangement  simplifies  the  interconnection 
wiring  and  permits  the  construction  of  a simple,  readily  shielded 
ampl  •!  fier  assembly. 

The  six  thermal-control  power  amplifiers  are  mounted  on  pie-shaped 
boards,  which  plug  into  compartments  in  the  electronics  ring  as  shown  in 
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Figure  16.  A simple  U-shaped  bracket  secures  the  amplifier  board  and 
provides  a thermal  conduction  path  to  the  frame  of  the  payload. 

The  pressure-can  preamplifier,  which  has  a much  lower  stability 
requirement  than  the  oven  or  vacuum-tank  controllers,  is  mounted  on  the 
aft  vacuum  assembly. 

Thermal  Controller  Performance 

The  temperature  sensitivity  of  the  thermal-control  preamplifiers 
has  been  bench  tested  over  a 0°  to  60°C  range.  The  maximum  allowable 
variation  in  bridge-balance  temperature  is  0.001°C  per  degree  of  ambient- 
temperature  change.  Typical  values  are  in  the  order  of  0.0001°C/°C, 
ensuring  that  the  temperature  sensitivity  of  the  preampl ifiers  in  the 
+1 °C  aft-oven-cover  area  does  not  contribute  significantly  to  the 
overall  temperature  sensitivity  of  the  payload  maser. 

Under  more  realistic  conditions  in  the  thermal-vacuum  tests,  the 
thermal -control  system  maintains  the  vacuum  tank  within  *0.01°C  under 
all  test  conditions. 

RF  Osci 1 lator  Control 

The  variable-vol taqe  supply  for  the  oscillator  collector  is 
furnished  by  a pulse-width-modulated  power  amplifier  functionally  and 
physically  identical  to  those  used  in  the  theniial -control  system.  The 
control  voltage  for  the  power  amplifier  is  generated  by  the  coarse- 
control  circuitry,  also  located  on  a printed-circuit  board  in  the  elec- 
tronics ring.  The  source  control  is  essentially  a 4-bit  digital-to- 
analog  converter  in  which  the  four  digital  switches  are  magnetically 
latched  relays.  The  relays  are  set  and  reset  only  from  the  external 
ground-station  equipment,  Subsequent  payload  power  interruptions  or 
transients  cannot  affect  the  state  of  the  relays. 
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Hydrogen  Pressure  Servo 


The  pressure  of  the  molecular  hydrogen  gas  is  in  the  range  of  about 
1 to  2 niillitorr  and  regulated  by  a closed-loop  servo  system.  The 
pressure  of  the  gas  is  sensed  by  a Pirani  gauge  at  a point  just  before 
the  gas  line  enters  the  dissociator  bulb.  The  Pirani  gauge  is  a small 
thermistor  bead  suspended  in  the  gas  volume  on  two  very  slender,  0.001", 
wires.  The  therr’istor  forms  one  leg  of  a self-balancing  bridge.  The 
bridge  circuitry  causes  sufficient  current  to  flow  through  the  bead  to 
md- e the  bead  temperature  rise  to  approximately  200°C;  at  this  tempera- 
ture, the  resistance  of  the  bead  is  such  that  the  bridge  is  balanced. 

At  very  low  pressure,  little  current  is  reguired  to  balance  the  bridge; 
at  higher  pressures,  the  thermal  conductivity  of  the  gas  is  increased 
and  higher  current  is  reguired  to  balance  the  bridge.  Thus,  the 
current  required  to  balance  the  thermistor  bridge  is,  for  a given 
species  of  gas,  a direct  measure  of  the  gas  pressure.  In  order  to 
minimize  the  effects  of  ambient- temperature  variations  of  the  gas-pres- 
sure Pieasurement,  a second  self-balancing  reference  bridge  is  provided. 

This  reference  Pirani  gauge,  which  is  specially  matched  to  the  measure-  1 

ment  Pirani,  is  installed  in  the  high-vacuum  side  of  the  vacuum  system 
and  exposed  to  the  same  ambient  temperature  as  the  measurement  Pirani. 

j Fluctuations  in  bridge  current  are  electronical ly  subtracted  from  the  i 

‘ measurement  bridge  current  to  provide  a temperature-compensated  pressure- 

I 

i measurement  output. 

I * 

I The  pressure-measurement  output  serves  two  functions;  first,  the 

i output  level  is  conditioned  and  used  for  telemetry  monitoring  of  hydro- 

gen pressure,  and  second,  it  forms  one  input  to  the  pressure  compara- 
* tor.  The  other  input  to  the  pressure  comparator  is  the  pressure-set- 

point voltage,  which  is  controlled  from  the  GSEE.  The  pressure 
comparator  provides  a voltage  output  proportional  to  the  difference 
between  the  measured  pressure  and  the  pressure  set  point.  This  voltage 
output,  in  turn,  serves  as  the  input  to  the  pressure  power  amplifier. 

1 


The  power  amplifier,  identical  to  the  thermal -control  power  amplifiers, 
regulates  the  power  input  to  the  LiAlH^  heater  and  thus  completes  the 
feedback  loop.  The  voltage  across  the  canister  heater  is  monitored 
through  the  telemetry-signal  conditioning  system  and  provides  a contin- 
uous telemetry  record  of  canister  heater  power. 

The  pressure-set-point  voltage  is  generated  by  a 5-bit  digital- 
to-analog  converter.  The  digital  switches  are  magnetically  latched 
relays  that  can  be  operated  only  from  the  GSEE  system.  The  two  self- 
balancing bridges,  the  pressure  comparator,  and  the  5-bit  digital-to- 
analog  converter  are  mounted  on  the  pressure-control  assembly,  which, 
in  turn,  plugs  into  the  electronics  ring. 

Optical  Monitor 

The  hydrogen-gas  discharge  in  the  dissociator  bulb  must  be  moni- 
tored to  obtain  information  as  to  the  state  of  dissociation  in  progress. 
Two  photodetectors  are  a substitute  for  direct  observation  and  provide 
a quantitative,  objective  measurement  of  the  quality  and  brightness  of 
the  discharge.  Each  photodetector  is  an  integrated  photodiode-amplifier 
device. 

Both  the  "atomic"  and  the  "molecular"  outputs  of  the  optical 
monitor  are  signal  conditioned  and  processed  for  telemetry  transmission. 

Cavity  Tuning  and  Magnetic-Field  Control 

The  maser  cavity  is  tuned  by  varying  the  reverse  voltage  on  a 
varactor  diode  mounted  within  the  cavity.  The  uniform  magnetic  field 
imposed  on  the  cavity  and  storage-bulb  area  is  adjusted  by  varying  the 
current  through  a main  field  winding  and  two  trim  windings  on  the 
printed-circuit  solenoid.  These  four  controllers,  one  tuning  and  three 
magnetic  field,  are  all  physically  identical  and  all  are  installed  in 
the  electronics  ring. 


The  cavity-tuning  subsystem  is  shown  in  block-diagram  form  in 
Figure  17.  One  side  of  the  tuning  diode  must  be  frame  grounded  for  RF 
shielding;  therefore,  the  controller  and  its  associated  power  supplies 
must  be  isolated  from  frame  ground  and  all  other  power-supply  returns  in 
order  to  avoid  ground  loop  problems. 

The  cavity-tuner  power  supply  consists  of  a DC-to-DC  converter 
that  generates  +15  and  -15  volts,  both  isolated  from  ground,  from  the  main 
battery  supply  at  24  ± 3 volts.  The  tuner  power  supply  is  mounted  on  the 
aft  vacuum  assembly  and  is  carefully  filtered  at  both  the  input  and  the 
output  to  avoid  injecting  noise  into  the  critical  cavity-tuning  circuit- 
ry. This  power  supply  furnishes  the  operating  voltages  for  the  cavity- 
tuner  voltage  reference.  The  reference  is  essentially  an  extremely  stable 
voltage  regulator  generating  +10  volts,  isolated  from  ground.  The  tuner 
voltage-reference  board  is  located  in  the  temperature-controlled  aft-oven- 
cover  area.  The  +10-volt  output  of  the  reference  is  the  input  to  the 
cavity-tuner  controller,  which  is  a binary  10-bit  digital -to-analog 
converter  whose  ladder  network  is  a precision  thir,-film  device  with  a 
resistance-temperature-tracking  coefficient  of  less  than  5 ppm/°C.  The 
digital  switches  are  magnetically  latching  relays  controlled  from  the 
payload  GSEE.  No  in-flight  command  capability  is  provided. 

The  10-bit  controller  provides  an  output  of  0 to  10  volts  to  the 
cavity-tuning  varactor  with  a resolution  of  approximately  10.0  mvolts  per 
bit.  Absolute  accuracy  is  not  important,  but  excellent  temperature 
stability  of  the  varactor  voltage  is  a strong  requirement.  The  temper- 
ature coefficient  of  the  voltage  reference  is  10  ppm/°C;  the  sensitivity 
to  power-supply  variations  is  essentially  zero.  The  temperature  coef- 
ficient of  the  voltage-division  ratio  of  the  tuner  controller  is  less 
than  5 ppm/°C  over  the  temperature  range  0°  to  70°C. 

The  current  through  each  of  the  three  windings  on  the  printed- 
circuit  solenoid  is  adjusted  by  means  of  three  separate  10-bit  binary 


digi tal -to-analog  converters,  each  physically  identical  to  the  cavity- 
tuning controller  described  above. 

Since  each  winding  has  a very  low  resistance,  less  than  10  ohms,  the 
0-  to  10-volt  range  of  the  voltage  divider  is  converted  to  0-  to  1 -m/i. 
current  by  the  addition  of  a 10-kilohm  thin-film  resistor.  An  additional 
relay,  not  used  for  the  cavity-tuning  function,  reverses  the  direction  of 
current  flow  thro'mh  the  solenoid  winding.  All  11  magnetically  latching 
relays  are  controlled  directly  from  the  payload  GSEE.  As  before,  no 
switching  capability  is  available  a^ter  the  umbilical  cable  is  removed 
from  the  spacecraft. 

The  10-bit  controller  provides  an  output  of  0 to  1 niA  through  the 
winding  with  a resolution  of  approximately  10  pA  per  bit.  Stability  of 
the  current  is  determined  principally  by  the  temperature  coefficient  of 
resistance  of  the  series  resistor,  approx ima tely  50  ppm/°C,  over  the 
range  0°  to  60°C. 

Ion-Pump  Power  Supply  and  Measurements 

The  appendage  ion  pump  requires  a power  source  furnishing  approxi- 
mately 2500  volts  at  50  pA  maximum.  A small  DC-to-DC  converter,  manu- 
factured by  MIL  Electronics,  Lowell,  Massachusetts,  is  mounted  directly 
to  the  pump  bracket.  The  power-supply  high-voltage  terminal  is  adjacent 
to  the  pump  feedthrough,  and  the  entire  high-voltage  cavity  is  potted 
with  a silicone  rubber  compound  after  wiring. 

The  power  supply  is  regulated  at  2500  volts  +1%  over  an  input 
voltage  range  of  24  ' 3 volts.  Current  is  electronically  limited  to 
50  pamp  by  internal  protective  circuitry. 

The  ion-pump  current,  which  is  also  a means  for  measuring  the 
condition  of  the  vacuum,  is  monitored  by  measuring  the  voltage  across  a 
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! resistor  in  series  with  the  ground  return  of  the  power  supply.  This 

' voltage  is  filtered  to  eliminate  converter  switching  noise  and  signal 

conditioned  for  telemetry  transmission.  No  provision  is  made  to  monitor 
the  ion-pump  supply-voltage  output. 

Telemetry  Measurements  and  Signal  Conditioning 

Signal  conditioning  to  a standard  0-  to  5.0-volt  range  for  all  chan- 
nels is  provided  by  tne  maser's  signal -conditioning  subsystem  for  all 
payload,  spacecraft,  and  vehicle  fourth-stage  functions.  Telemetry  for 
the  fourth-stage  accelerometers  and  pressure  gauge  is  routed  through 
the  payload-maser  telemetry  processor  to  save  the  weight  and  power 
ordinarily  allocated  to  a dedicated  vehicle  processor  and  transmitter, 
i 

f 

Signal  conditioning  for  the  tank-temperature-monitor  thermistor  is 
integral  to  the  thermal -control  system,  as  described  earlier.  Eight 
additional  temperature-measurement  bridges  are  provided  within  the 
si gnal -condi tioni ng  subsystem  of  the  payload  maser,  seven  of  which  are 
designed  for  thermistor  sensors  at  various  parts  of  the  payload.  The 
eighth,  the  antenna-temperature  monitor,  utilizes  a platinum  resistance 
j thermistor  (RTD).  All  eight  temperature-measurement  circuits  are 

I physically  identical  except  for  the  choice  of  bridge  resistances.  In 

< each,  the  thermistor  or  RTD  forms  one  leg  of  a resistance  bridge.  The 

J unbalance  voltage,  which  is  a function  of  the  temperature  of  the  sensor, 

I 

• is  amplified  so  that  the  full  temperature  range  appears  as  a voltage 

j varying  from  0 to  +5.0  volts. 

» The  translator/transponder's  monitor-channel  buffers  amplify  the 

« 

static  phase  error,  the  automatic  gain  control  (AGC),  and  the  status 
signals  from  both  the  translator  and  the  transponder.  These  are  routine 
measurements  except  for  the  translator  AGC,  which  must  be  monitored  with 
very  high  resolution  to  detect  small  changes  in  maser  power  output.  The 
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translator  AGC  signal  conditioner  contains  provisions  for  selecting  a 
small  segment  of  the  translator  AGC  output  and  expanding  this  portion  to 
the  full  0-  to  5.0-volt  range.  The  final  adjustment  of  the  translator 
AGC  signal-conditioning  circuitry  provides  a full-scale  range  from  -116 
to  -110  dbm,  established  during  calibration  of  the  probe  maser. 

Eight  channels  of  voltage  measurements  are  provided  for  battery 
voltage,  battery  current,  and  six  payload-maser  heater  voltages. 

Three  channels  for  in-flight  calibration  checks  of  the  telemetry 
system  are  included:  full  scale,  +4.980  volts;  midscale,  +1.00  volts; 
and  ground. 

Six  measurement  channels  to  monitor  maser  performance  are  also 
incorporated.  Two  of  these  monitor  the  voltage  and  current  of  the 
source  RF  oscillator.  The  remaining  four  - hydrogen  pressure,  ion-pump 
current,  "atom"  level,  and  "molecule"  level  -were  discussed  in  previous 
sections. 

The  payload-maser  signal -conditioning  subsystem  provides  reference 
voltages  and  buffer  amplifiers  for  the  Scout  fourth-stage  head  pressure 
gauge.  The  three  Scout  fourth-stage  accelerometers  are  internally  con- 
ditioned; their  outputs  are  routed  through  the  signal  conditioner  to  the 
telemetry  processor. 

I Telemetry  PCM  Processor 

I 

I The  telemetry  processor  is  an  8-bit,  37-channel  pulse-code-modulated 

! (PCM)  system  operating  at  1000  bps.  Each  main  frame  has  eight  subframes 

128  bits  in  length:  21  providing  subframe  sync,  3 giving  subframe  iden- 
tification (ID),  and  104  making  up  13  8-bit  data  words.  In  turn,  four 
data  words  are  multiplexed,  yielding  32  cha.inels  per  main  frame.  The 
remaining  five  data  words  are  used  for  high-repetition-rate  data  as 
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follows:  the  translator  AGC  voltage  is  sampled  once  each  subframe  (eight 
times  each  main  frame),  and  the  four  Scout  channels  are  sampled  twice 
each  subframe  (16  times  for  each  main  frame). 

The  major  components  of  the  telemetry  processor  consist  of  an 
analog-to-digital  converter,  a main-frame  multiplexer,  four  subframe 
multiplexers,  and  a timing  and  sync  generator. 

All  telemetry-processor  circuitry  is  mounted  on  eight  pie-shaped 
ooards  that  plug  into  the  electronics  ring.  The  processor's  timing 
circuitry  generates  the  following  clock  signals  for  the  tel emetry  system: 
the  bit-rate  clock  (1000  bps),  the  coordinate  clock  (125  bps),  and  the 
subframe  clock  (7.8125  bps).  All  clocks  are  derived  from,  and  harmonic- 
ally related  to,  the  subcarrier  oscillator  frequency  of  the  transponder ' s 
telemetry  modulator. 

The  subcarrisr  crystal  oscillator  in  the  transponder  generates  a 
2 048-MHz  signal,  which,  divided  by  2 within  the  transponder,  generates 
the  1.024-MHz  telemetry  subcarrier.  The  2.048-MHz  signal  is  also  routed 
through  the  maser/spacecraft  interface  to  the  pulse-shaper  board,  which 
amplifies  the  signal  and  regenerates  standard  +10-volt  COS/MOS  logic 
levels.  The  2.048-MHz  signal  is  then  digitally  divided  to  1000  Hz  by 
COS/MOS  integrated  circuits  on  the  pulse-shaper  board.  The  1000-Hz 
clock  is  routed  to  the  telemetry  timing  board  in  the  electronics  ring. 

The  pulse  shaper  contains  an  auxiliary  oscillator  operating  at 
approximately  1980  Hz.  A clock  detector  on  the  pulse  shaper  detects  the 
absence  of  an  incoming  pulse  stream  from  the  transponder  and  automatic- 
ally switches  the  auxiliary  oscillator  on  line.  The  auxi 1 iary  osci  1 lator 
frequency  is  divided  by  2,  to  990  Hz,  to  replace  the  divided  subcarrier 
oscillator  signal  for  testing  ''r  in  the  event  of  subcarrier-oscillator 
failure. 
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The  telemetry  timing  board,  in  the  electronics  ring,  consists  of 
several  COS/MOS  divider  chains,  delay  circuits,  and  buffer  amplifiers, 
which  generate  all  clock  frequencies  required  for  telemetry-system 
operation.  In  addition  to  the  major  clock  signals,  the  timing  boird 
generates  a number  of  auxiliary  clocks  that  are  either  delayed  in  time 
with  respect  to  the  main  clock  or  have  suppressed  pulses  for  internal 
system  timing  applications. 

The  sync  board  generates  the  subframe  sync  and  subframe  ID  words 
under  control  of  the  timing  subsystem.  The  subframe  sync  word  is  a 
standard  Goddard  Space  Flight  Center  21 -bit  code;  the  subframe  ID  is  a 
3-bit  octal  word.  The  subframe  sync  word  is  stored  in  a 21 -bit  parallel- 
in,  serial-out  shift  register.  The  bit  pattern  is  hard-wired  into  the 
parallel-input  parts.  The  sync  board  also  accepts  data  input  from  the 
analog-to-digital  converter  board,  assembling  the  sync  word,  subframe  ID, 
and  data  words  into  a single  bit  stream  at  a uniform  1000-bps  rate. 

The  analog-to-digital  converter  digitizes  0-  to  +5-volt  data  into  8- 
bit  data  words  that  are  stored  in  serial -output  shift  registers.  The 
converter  is  a completely  integrated,  256-level , successive-approximation 
circuit,  requiring  13  digitizing  clock  cycles  for  a single  digitizing 
operation.  To  permit  the  converter  to  complete  a full  cycle  of  opera- 
tion in  less  than  eight  main-clock  cycles,  the  digitizing  clock  runs  at 
32  kbps,  derived  from  the  timing-board  divider  chains.  The  +4. 980-volt 
reference  for  the  analog-to-digital  converter  is  generated  on  the  source- 
control  /tel  emetry  reference  board.  The  stable  +10.0  volts  required  for 
operation  of  this  board,  in  turn,  is  generated  by  a separate  reference 
supply,  which  is  installed  on  the  temperature-controlled  aft-oven  cover. 

The  main-frame  multiplexer  ac''epts  13  analog  (0  to  +5.0  volts) 
inputs  - four  from  the  subframe  multiplexers,  one  from  the  translator 
AGO  signal  conditioner,  and  two  from  each  of  four  Scout  measurements  - 
and  switches  its  output  to  each  input  in  succession.  The  switching 
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devices  are  COS/MOS  transmission  gates,  which  are  under  the  control  of 
an  on-board  counter,  and  a four-  to  16-line  converter,  which,  in  turn, 
is  controlled  by  the  timing  board. 

The  subframe  multiplexers  are  mounted  on  the  same  circuit  boards  as 
the  signal -conditioning  circuitry.  Each  subframe  multiplexer  board 
contains  an  eight-channel  COS/MOS  transmission-gate  analog  switch  and 
the  signal-conditioning  circuitry  associated  with  those  eight  telemetry 
channels.  The  transmission  gates  are  controlled  by  a three-  to  eight- 
line digital  demultiplexer,  which  is  controlled  by  the  subframe  ID-word 
generator  on  the  sync  board. 

Pressure  and  Vehicle  Spin-Rate  Measurements 

Two  specialized  in-flight  measurements  are  provided  for  correction 
of  the  maser  cavity's  frequency.  The  resonant  frequency  of  the  maser 
cavity  is  a function  of  the  gas  pressure  within  the  pressure  can,  the 
vehicle  spin  rate,  and  the  cavity  temperature.  The  last  of  these  is 
monitored  through  telemetry  by  observing  the  aft-oven-cover  heater 
voltage,  but  the  first  two  require  specific  instrumentation  provisions. 

The  sensitivity  of  maser  frequency  to  pressure  within  the  pressure 
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can  is  approximately  3.9  x 10  /psi.  Therefore,  a very  precise,  very 

high-resolution  pressure  measurement  is  required  to  correct  the  maser 

-14 

frequency  to  within  +1  x 10  . This  requirement  is  met  by  the  use  of  a 

very  stable  diaphragm-type  pressure  transducer  and  highly  stabilized 
bridge-sensor  electronics.  The  transducer  and  the  electronics  package 
are  mounted  within  the  temperature-controlled  pressure  can  at  the  forward 
end.  Figure  18  is  a block  diagram  of  the  pressure-measurement  assembly. 

The  pressure  transducer,  a Bell  and  Howell  type  CECIOOO,  uses  thin- 
fjlm  strain  gauges  and  bridge  resistors  to  minimize  the  differential 
temperature  coefficients  of  the  bridge  elements.  The  bridge  excitation 


voltage  is  controlled  to  within  +10  mvolts  to  minimize  self-heating 
errors  in  the  bridge  balance  point.  The  bridge  amplifier,  an  Analog 
Devices  type  AD521S  instrumentation  amplifier,  has  a very  low-voltage 
offset  coefficient  and  a high  common-mode-rejection  ratio.  The  entire 
assembly  is  temperature  controlled  to  better  than  j^l  °C  owing  to  its 
location  within  the  pressure-can  heater  systen. 

The  required  resolution  is  obtained  by  limiting  the  dynamic  range 
of  the  measurement  to  1.0  psi  so  as  to  operate  from  17  to  18  psia.  In 
order  to  obtain  0-volt  output  from  the  pressure  monitor  at  17  psia,  it 
is  necessary  to  offset  the  bridge  amplifier  electronically.  The  effect 
of  changes  in  the  offset  voltage  on  the  overall  stability  of  the  pres- 
sure measurement  is  minimized  by  using  the  bridge  excitation  voltage  as 
the  source  of  the  offset  voltage.  To  first  order,  changes  in  the  exci- 
tation voltage  cancel  completely  at  17  psia  and  produce  only  a very 
small  residual  error  at  18  psia.  The  resolution  of  the  system,  as 
observed  through  the  8-bit  telemetry  system,  is  approximately  0.004  psi 
per  step  of  the  least-significant  digit. 
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The  sensitivity  of  maser  frequency  is  approximately  1 x 10  ^rpm 
at  115  rpm.  A very  high-resolution  spin-rate  monitor  is  therefore 
required;  unfortunately,  however,  the  actual  in-flight  spin  rate  cannot 
be  accurately  predicted. 

The  problem  of  combining  high  resolution  with  a wide  dynamic  range 
is  solved  by  a sun-sensing  dual -resol ution  monitor  that  automatically 
switches  from  high  resolution  to  a wide-range  low-resolution  mode  for 
every  tenth  measurement.  A block  diagram  of  this  monitor  is  given  in 
Figure  19.  The  sun  sensor  shown  in  the  figure  is  mounted  on  the  space- 
craft honeycomb  plate,  where  it  views  the  sun  and  the  outside  world 
through  a small  hole  in  the  side  of  the  thermal  shield.  Each  time  the 
vehicle  rotation  brings  the  sun  into  the  field  of  view  of  the  sensor,  a 
pulse  is  generated,  amplified,  and  used  to  energize  a Schmitt  trigger 
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circuit.  A digital  division  by  2 then  generates  a gate,  the  duration  of 
which  is  equal  to  the  period  of  the  rotation  rate;  the  gate  pulse  is 
further  divided  by  10  to  generate  a mul ti pi e-per iod  gate  pulse,  which  is 
the  average  of  10  rotation  periods.  The  multiple-period  gate  serves  two 
functions:  the  positive-going  edge  triggers  the  sequence  control  counter, 
while  the  pulse  opens  the  main  gate,  allowing  1000-bps  clock  pulses  to 
flow  to  the  main  counter. 

The  binary  number  stored  in  the  8-bit  main  counter  is  a measure  of 
the  duration  of  20  periods  of  the  vehicle's  rotation  rate.  At  the  end 
of  each  multiple-period  gate,  a transfer  pulse  is  generated  that  jam- 
transfers  the  contents  of  the  main  counter  into  the  storage  register  and 
resets  the  counter  to  zero.  The  output  of  the  storage  register  is  the 
input  to  an  8-bit  digital-to-analog  converter,  identical  to  the  one  used 
in  the  telemetry  processor's  analog-to-digital  converter.  The  analog 
output  of  this  converter  is  amplified  and  routed  to  the  appropriate 
telemetry  subcarrier  multiplexer  for  processing. 

The  main  counter's  most-significant  digit  frequently  overflows 
during  a high-resolution  measurement  cycle,  resulting  in  an  ambiguity 
regarding  the  absolute  value  of  the  measured  spin  rate;  the  full-scale 
range  of  the  sensor  is  approximately  6 rpm  within  the  range  centered  near 
114  rpm,  i.e.,  111.61  to  117.19  rpm.  To  resolve  this  ambiguity,  the 
sequence  switches  the  clock  pulses  through  a divide-by-10  for  one 
measurement  cycle  after  every  10  high-resolution  measurement  cycles.  The 
unambiguous  range  of  the  sensor  is  much  larger  at  the  lower  clock  rate 
than  at  the  higher  rate,  thus  making  it  possible,  by  using  both  sets  of 
data,  to  determine  the  rotation  rate  of  the  vehicle. 

Since  the  payload's  telemetry  processor  has  no  provision  for  direct 
entry  of  digital  data,  it  is  necessary  to  convert  the  digital  rotation- 
period  data  to  analog  form  and  redigitize  them  in  the  telemetry  proces- 
sor. The  error  buildup  that  might  be  inherent  in  such  a process  is 


minimized  by  using  a small  full-scale  range,  a precise  reference  derived 
from  the  telenietry  reference  board  for  the  digital -to-analog-converter 
reference  voltage,  and  the  crystal -control  1 ed  subcarrier  oscillator  as 
the  source  of  the  1000-Hz  main  counter  clock. 

As  noted  earlier,  the  spin  sensor  is  mounted  on  the  spacecraft's 
main  honeycomb  plate  and  is  thus  the  only  component  of  the  maser  elec- 
tronics system  that  is  not  physically  installed  on  the  maser  itself. 

The  resolution  of  the  spin  sensor,  in  its  design  range,  is  approximately 
+0.02  rpm;  the  estimated  overall  accuracy  is  approximately  0.05  rpm, 
including  the  quantizing  error. 

Payload  Ground  Support  Electronics  Equipment 

Two  major  items  of  equipment  are  required  for  direct  support  of  the 
payload  maser  during  qualification  tests  and  on  the  pad  before  launch; 
these  are  the  payload  control  rack  and  the  SAO  frequency  standard,  both 
of  which  are  installed  in  the  support  trailer  used  for  normal  operations. 
The  payload  control  rack  houses  facilities  for  operating  the  relays  in 
the  payload  for  field,  source,  and  cavity  during  control,  for  decoding 
spacecraft  telemetry,  and  for  displaying  quick-look  digital  and  analog 
data  of  selected  telemetry  channels.  The  frequency  standard  provides 
facilities  for  measuring  the  frequency  stability  of  the  payload  maser  at 
the  output  frequency  of  the  translator,  2203.078  MHz. 

Figure  20  is  a photograph  of  the  payload  control  rack.  The 
three  functional  groups  within  the  rack  are  the  Zeeman-frequency  audio 
oscillator,  the  controller  group,  and  the  quick-look  telemetry  group. 

The  magnetic  field  within  the  maser  cavity  can  be  measured  by  applying 
an  audio-frequency  field  across  the  cavity  structure  and  observing  the 
frequency  at  which  the  maser  output  level  dips  (nominally  between  500 
and  1000  Hz)  owing  to  Zeeman  transitions  induced  between  the  Mp  = j+1  and 


0 sublevels  of  the  upper  energy  state  of  the  hydrogen  atom.  The  audio- 
frequency source  in  the  payload  control  rack  is  a Hewlett-Packard  Model 
651B  audio  oscillator.  A printed-circuit  loop  on  the  vacuum  tank  is 
wired  to  the  oscillator  output  through  the  umbilical  cable. 

Payload  Controls 

The  magnetic-latching  relays  in  the  payload  are  controlled  by  push- 
button switches  on  the  payload  control  rack,  each  switch  controlling  one 
relay  in  a binary  sequence.  The  six  sets  of  push-button  controls  com- 
prise three  for  the  magnetic  fields,  one  for  cavity  tuning,  one  for 
hydrogen  pressure,  and  one  for  source  oscillator  voltage. 

The  extremely  simple  relay-control  circuitry  is  designed  to  avoid 
spurious  relay  operation  caused  by  power  failure  or  electronic  malfunc- 
tion and  to  provide  nonvolatile  memory  between  times  when  the  payload  is 
energized.  The  operator  presets  the  desired  binary  number  into  push 
buttons  for  a particular  function.  A green  indicator  lamp  in  the  bottom 
half  of  each  preset  button  indicates  which  switches  have  been  depressed; 
no  power  can  be  applied  to  the  relays  at  this  point.  After  the  preset 
number  has  been  verified,  the  operator  momentarily  depresses  the  set 
switch  to  apply  power  to  the  relay  coils.  A red  indicator  lamp  in  the 
top  half  of  each  preset  switch  signals  when  the  set  control  is  operating 
properly. 

The  relays  can  be  energized  from  the  power  supply  on  the  payload 
control  rack  only  if  the  set  switch  is  depressed;  otherwise,  the  relay 
coils  are  completely  disconnected  from  the  GSEE.  Each  relay  coil  line 
is  brought  out  individually,  through  the  umbilical  cable,  to  the  control 
rack  without  involving  the  spacecraft  electronics  in  any  way;  thus,  no 
malfunction  aboard  the  spacecraft  can  alter  the  state  of  the  relays  once 
they  are  set  from  the  GSEE  payload  control  rack. 
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Quick-Look  Telemetry 


The  control  rack  houses  a Coded  Conriuni cat  ions  Corp.  Model  ECO-1 
PCM  decoder,  a digital-display  unit,  and  an  analog-display  unit. 

The  decoder  accepts  the  payload's  PCM  bit  stream  and  a 1000-bps 
clock.  Both  signals  are  provided  by  special  balanced  line  drivers  on 
the  maser  payload  and  are  routed  through  the  umbilical  cable  to  balanced 
line  receivers  in  the  payload  control  rack  and  then  to  the  input  of  the 
PCM  decoder.  The  balanced  signal  lines  enhance  the  common-mode  noise 
rejection  of  the  quick-look  telemetry  system  and  also  preserve  the 
ground  isolation  of  the  payload  electronics.  The  output  of  the  PCM 
decoder  is  a parallel  8-bit  natural  binary  data  word,  a 6-bit  parallel 
word  ID,  and  a 3-bit  subframe  ID.  The  decoder  output  cycles  through  all 
218  8-bit  main-frame  words  in  1.024  sec;  each  word  is  identified  by  the 
appropriate  word  and  subframe  IDs. 

The  data  bus,  the  word  ID  bus,  and  the  subframe  ID  bus  are  routed 
to  the  digi tal -di splay  unit.  The  system  also  provides  for  selective 
digital -to-analog  conversion  on  four  channels  for  real-time  monitoring 
on  strip-chart  recorders. 

CONCLUSIONS 

At  the  time  of  writing  this  paper,  the  data-reduction  phase  of  the 
experiment  is  in  full  swing.  The  reduction  process  consists  of  compar- 
ing the  frequency  of  the  relativity  signal  obtained  from  the  system 
shown  in  Figure  1 with  predictions  of  what  this  signal  frequency  should 
be  from  currently  accepted  relativity  theory.  The  input  data  for  the 
predictions  depend  on  tracking  the  position  and  velocity  of  the  probe  to 
very  high  accuracy  and  deriving  from  these  data  the  relativistic 
frequency  predictions,  including  redshift,  second-order  doppler,  and 
earth-motion  effects.  From  the  data  processing,  still  in  progress,  we 
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can  recover  the  Allan  variance  of  the  output  data  taken  at  maximum  range, 
shown  in  Figure  21.  These  data  include  the  effects  of  more  than  30000  km 
of  propagation  and  three  passes  through  the  earth's  atmosphere  and 
ionosphere.  These  data  are  m.uite  similar  to  maser-compari son  data  taken 
in  the  laboratory  over  a few  meters  of  cable! 

For  the  longer  term  data  taken  during  the  mission.  Figure  22  shows 
the  residual  frequency  between  observation  and  predictions  based  on  a 
preliminary  trajectory  determination.  The  discrepancies  near  the  ends 
are  still  not  understood  in  detail;  however,  in  the  present  analysis  of 
the  tracking  data  used  in  determining  the  trajectory,  there  appears  to 
be  an  incorrect  representation  of  the  payload's  dynamics  during  the 
flight,  and  a more  complete  computation  is  required  to  obtain  the  probe's 
trajectory.  We  look  forward  to  presenting  a total  picture  of  the  outcome 
of  this  experiment  in  the  near  future. 

ACKNOWLEDGMENT 

This  work  was  supported  in  part  by  Contract  NAS8-27969  from  the 
National  Aeronautics  and  Space  Administration. 

REFERENCES 

1.  R.  F.  C.  Vessot  and  M.  W.  Levine,  Performance  data  of  space  and 
ground  hydrogen  masers  and  ionospheric  studies  for  high  accuracy 
comparisons  between  space  and  ground  clocks.  In  Pj'oceedjn^s  of  the 
28th  Annual  Frequency  Control  Symposium,  U.S.  Army  Electronics 
Command,  Ft.  Monmouth,  N.J.,  pp.  408-414,  1974. 

2.  D.  Kleppner,  R.  F.  C.  Vessot,  and  N.  Ramsey,  The  orbiting  clock 
experiment  to  determine  the  gravi tational  redshift.  Astrophys. 

Space  Sci.,  vol . 6,  pp.  13-32,  1970. 


809 


3. 


R.  F.  C.  Vessot  and  M.  W.  Levine,  Measurement  of  the  gravitational 
redshift  using  a clock  in  an  orbiting  satellite.  In  Proceedings  of 
the  Conference  on  Experimental  Tests  of  Gravitation  Theories,  ed.  by 
R.  W.  Davies,  Jet  Propulsion  Lab.  Rep.  33-499,  pp.  54-64,  1971. 

4.  R.  F.  C.  Vessot,  Lectures  on  frequency  stability  and  clocks  and  on 
the  gravitational  redshift  experiment.  In  Experimental  Gravitation, 
ed.  by  B.  Bertotti,  Academic  Press,  New  York,  pp.  111-162,  1974. 

5.  S.  Petty,  R.  Sydnor,  and  P.  Dachel  , Hydrogen  maser  frequency  stand- 
ards for  the  deep  space  network.  In  Proceedings  ojf  the  _E|q_hth 
Annua|L^jcj^  Time  and  Time  Interval  Applications  and  Planning 
Meeting,  U.S.  Naval  Research  Laboratory  (this  volume). 

6.  M.  W.  Levine,  R.  F.  C.  Vessot,  E.  M.  Mattison,  E.  Blomberg,  T.  E. 
Hoffman,  G.  Nystrom,  D.  F.  Graveline,  R.  L.  Nicoll,  C.  Dovidio,  and 
W.  Brymer,  A hydrogen  maser  design  for  ground  applications.  In 
Proceedings  of  the  Eighth  Annual  Precise  _y/ne  _and  Time  Interval 
Aj3iLllcat|ons  and  Planning  Meeting,  U.S.  Naval  Research  Laboratory 
(this  volume). 


:i  1 (I 


FIGURE  CAPTIONS 


Fig. 

1 

Fig. 

2 

Fig. 

3 

Fig. 

4 ■ 

Fig. 

5 

Fig. 

6 

Fig. 

7 

Fig. 

8 

Fig. 

9 ■ 

Fig. 

10 

Fig. 

11 

Fig. 

12 

Fig. 

13 

Fig. 

14 

Fig. 

15 

Fig. 

16 

Fig. 

17 

Fig. 

18 

Fig. 

19 

Fig. 

20 

Fig. 

21 

Fig. 

22 

- Doppler  canceling  system. 

Schematic  of  the  cavity  'upport  system. 

- Cavi ty  components . 

-Probe-maser  thermal -control  system. 

-Magnetic  shields  and  insulation. 

- Redesign  of  external  magnetic  shield  showing  the  effect  of 
stress. 

- Control  electronics  located  on  the  aft-oven  cover. 

- Two-sided  printed-circuit  C-field  solenoid. 

-Main  mounting  frame  with  electronics  bays. 

-Aft  vacuum  manifold  assembly. 

- SAES  Sorbac  cartridge  used  for  hydrogen  scavenging. 

- RF  dissociator  and  hydrogen  system. 

- Payload  assembly. 

- Block  diagram  of  the  probe-maser  electronics  assembly. 
-Block  diagram  of  a typical  controller. 

-Typical  electronics  board. 

- Cavity  electronics  tuning  system. 

- Block  diagram  of  the  pressure  transducer  assembly. 

-Block  diagram  of  the  dual -resol  ution  payload  spin  sensor. 

- Payload-maser  ground  support  control  rack. 

-Allan  variance  of  the  redshift  beat  frequency  near  apogee, 
taken  from  the  system  shown  in  Fig.  1. 

- Data  from  the  preliminary  payload  trajectory. 


:n  1 


REDSHIFT  EXPERIMENT  DOPPLER  CANCELLING  SYSTEM 


DETAIL  OF 
BELVILLE 
SPRING 


Fig.  2 Schematic  of  the  cavity  support  system. 


Fif'.  4 Probe-maser  thermal-control  system. 


Fig.  .1  .Magnetic  shielfl.s  and  in.sulation. 


Fig.  6 Redesign  of  external  magnetic  shield  showing  the  effect  of  stress. 


Flj;.  H 'I'wo-sidefl  printed-clrciiil  ('-field  solenoid. 
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Fig.  11  SAES  Sorbac  cartridge  used  for  hydrogen  scavenging. 
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Fis.  12  RF  ciissociator  and  hydrop;en  system. 
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Fig.  14  Block  diagram  of  the  probe-maser  electronics  assembly. 


Fif?.  16  Tvpical  electronics  board. 


Fig.  17  Cavity  electronics  tuning  system. 
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ALLAN  VARIANCE  OF  PROBE  AND  GROUND  MASER 
COMPARISON  USING  300  SECONDS  OF  DATA  NEAR  APOGEE 


±7%  ±40%  ±57% 
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Fig.  21  Allan  variance  of  the  redshlft  beat  frequency  near  apogee, 
taken  from  the  system  shown  in  Fig.  1. 
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VAHIABLK  VOLIJMK 
MASKK  TECHNIQUES 


Victor  S.  Ueinliurdt 
NASA/Cioddard  Space  Elif^ht  Center 
Greenl)elt,  Maryland  20771 


I VI  KODUCTION 

The  hydrogen  maser  achieves  its  extremely  good  frequency  stability  princi|)ally 
by  confining  the  masing  atoms  for  long  [K'riods  in  a teflon  coated  storage  bulbj 
Because  of  this  confinement,  the  frequency  of  the  hydrogen  maser  is  shifted  due 
to  collisions  of  the  atoms  with  the  walls  of  the  storage  bulb.  This  is  shown  in 
Eigure  1.  The  wall  shift  is  given  by: 

f ^1..  .A. 

2n  ' 

where  0 is  the  average  phase  shift  per  collision,  v is  the  average  atomic  speed, 
;ind  (-IV/A)  is  the  mean  free  path  bidween  wall  collisions,  ^ . 

In  onler  to  use  the  hydrogen  maser  as  a primary  frequency  standard,  one  must 
correct  for  the  wall  sluft,  'I'he  obvious  method  to  do  tlus  is  to  vary  X by  o[x,'r- 
aUng  hytlrogen  masers  with  different  size  storage  bulbs,  and  to  make  fretiuency 
comiKirisons  between  .le  masers.  This  has  been  done  many  times-,  but  has  not 
produced  good  results  because  0 has  not  reproduci-d  well  from  bulb  to  bulb. 

In  Douglas  Brenner  proix)sed  another  approach.-^  If  one  were  to  make  a 

maser  with  a flexible  storage  bulb,  one  could  vary  X but  keep  0 constant.  This 
would  allow  for  the  correction  of  the  wall  shift  without  the  uncertainties  associa- 
ted with  changing  bulbs.  The  technique  is  outlined  in  !■  igure  2.  This  methotl 
has  been  a fruitful  one,  leading  to  several  devices  and  increasing  degrees  of 
success.  This  (Xiper  will  discuss  this  variable  volume  techni()Ue  and  the 
strengths  and  weaknesses  of  the  devices  which  have  been  based  on  this  technique. 

THE  VABIABLE  VOLUME  TECHNIQUE 

The  first  variable  volume  maser  was  built  by  I3ouglas  Brenner.'*  He  used  sev- 
eral types  of  flexible  bulbs  with  a variety  of  wall  coalings.  One  of  his  teflon 
bulbs  is  shown  in  Eigure  3.  As  shown  in  Eigures  I and  2,  lirenner's  technique 
relies  on  one's  knowledge  of  B,  the  ratio  of  the  bulb  volumes,  and  the  fact  that 
both  the  value  of  0 and  the  value  of  fo,  the  corrected  frequency,  remain  constant 
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(luiinj;  Uu‘  chaii^je  of  volimu’.  With  caroful  rneasutomcnl,  H can  be  determined 
to  tin-  0.  1'.  level. Ihw  this  idlects  the  eiTor,  however,  is  sli'oiiffly  deix-n- 
ik>nt  on  tlu‘  size  of  H.  As  H ai)|)roaehes  unity  the  uncertainty  in  determining  fy 
gix-s  to  infinity  for  given  errors  in  measuring  li,  f and  f^.  d he  size  of  H in 
Ifrenner's  device  is  limited  sc'verely  by  the  fact  that  the  filling  factoi-’  is  de- 
graded  in  the  compiessed  vohmie.  Hrimner  achieved  valut's  (d  I.  is  to  l,;i7  for 

n. 


rhe  value  of  0 is  effected  by  both  changes  in  the  atomic  dc'tisity  in  the  bulb 
and  changes  in  the  suiface  pro|XT'tic's  of  the  bulb.  If  the  relative  rate  at  which 
atoms  strike  tlie  bulb  surface  change  when  one  changes  the  volum(>,  may 
change.  In  a bulb  with  good  communication  between  sections,  this  effect  can  be 
niade  negligeably  small. 4, 5,6  Changes  in  the  surface  pro[X‘rties  of  the  teflon 
during  the  measurement  t>i'ocess  c'an  be  induced  by  the  changes  in  stress  that 
occur  when  the  bulb  volume  is  changed,  Hrcnner  discussed  this  [M'oblem-^  and 
estimated  that  the  stress  effect  would  change  <t>  by  0.2r)t,',  The  major  weakness 
of  his  device,  howevei-,  is  in  the  uncertainty  caused  by  lack  of  knowledge  of  the 
effects  of  stress  on  his  storage  bulbs. 

Changes  in  f^  during  the  measurement  process  come  from  shifts  in  the  maser 
frequency  other  than  the  wall  stiift:  the  do|)pler  shift,  magnetic  shifts  and 
s[)in  exchange  sfiifts.  It  has  been  determined  that  to  one  [xii't  iti  lO*'^  of  the 
hyperfine  frequency  the  atomic  velocities  are  thermalized  to  the  bulb  tenqx’r- 
ature.^  One  therefore  e:m  cori’eet  for  the  dop()ler  shift  by  measuring  the  bulb 
tern  [X' nature. 

The  principal  magnetic  shift  can  be  correcti-d  for  by  measuring  the  zeeman 
frecjuency.'  Magnetic  inhomogeneity  shifts^  can  caus('  errors  as  large  as 
parts  in  10^^.  These  shifts  are  a function  of  the  avei'age  inhomogeneity  over 
the  storage  bulb  and  so  change  when  the  storage  bulb  volume  is  clnmged.  In- 
homogeneity  shifts  can  be  corrected  for,  ' but  unfortunately  Brenner  was  lui- 
aware  of  these  shifts  when  he  [x-rfornuHl  his  measurements,  so  he  flid  not 
correct  for-  them. 

Spin  exchange  shifts  co!ne  from  collisions  of  the  radiating  hydrogen  atoms  with 
other  hydrogen  atoms  and  with  other  [wramagnetic  gases.*  ' The  |)rin- 
ci[)al  part  of  the  hydrogeti  s()in  exchange  shift  is  corrected  out  with  flax  tuning.* 
An  anomalous  part  is  not.’*  'I'his  shift  is  i x 10“^  of  the  non-hydrogen  spin 
exchange  [xirt  of  the  atomic  linewidth.^-*  * In  a variable  volume  maser,  except 
for  contributions  from  magnetic  inhomogeneities  and  from  background  gases, 
the  non-spin  exchange  linewidth  is  pro|K)rtional  to  the  inverse  bulb  volume  just 
as  the  wall  shift  is,’-  so  most  of  the  anomalous  spin  exchange  shift  is  correcti-d 
for  by  the  same  [)rocess  which  measures  the  wait  shift.  The  background 
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conlribution  to  tho  Unowidlh  can  be  kept  small  by  keeping  tlie  partial  pressure 
<)l  paramagnetic  gases  small, ^ and  the  magnetic  linewidth  can  be  kept  small  by 
reducing  the  size  of  magnetic  inhomogeneities.  One  should  thi'refore  Ijc  able  to 
keep  uneertainlies  due  to  the  anomalous  spin  exchange  shift  below  the  level. 

VAHb\HLE  VOLl'ME  DEVICES 

To  overcome  the  stress  problems  associated  with  the  Brenner  flexible  bulb, 
Norman  Ramsey  proix^sed  using  a thin  flexible  teflon  cone  attached  to  a rigid 
cylinder  as  the  variable  volume  storage  ljulb.  This  idea  was  implemented  l^y 
Dierre  Debely*-^  and  is  shown  in  Figure  •!.  The  great  advajitage  of  this  con- 
figuration is  that  a thin  cone  can  be  inverted  in  such  a way  that  only  the  edges  of 
the  cone  are  stressed.  This  reduces  the  region  of  |xjssible  stress  effects  to  a 
negligibly  small  area,  eliminating  the  uncertainity  due  to  surface  stressing. 

The  volume  ratio  achieved  Ijy  IX-bely  was  limited  to  l.U  l)ecause  of  difficulties 
in  obtaining  maser  oscillation  with  the  cone  inverted.  The  accuracy  of  the 
IX-bely  device  was  limited  to  2.4  x 10'’~  because  of  the  small  value  of  B, 
drifts  in  the  reference  maser,  and  areas  in  the  cone  wliich  became  ex|xjsed  when 
the  cone  was  inveiled.  'llie  asymmetrical  bulb  also  made  Debely's  device 
esjK-cially  susccptable  to  magnetic  inhomogeneity  shifts  which  he  did  not 
consider. 

To  overcome  the  problems  assoeiated  with  the  Debely  device,  Norman  Ram- 
sey pro{X)sed  combining  the  flexilde  cone  with  the  large  storage  box  hydrogen 
maser. This  was  implemented  by  the  auUior  and  is  shown  in  Figui’e  a. 

In  this  device,  the  flexible  cone  is  outside  the  microwave  cavity,  so  the  size 
of  B is  not  limited  by  oscillation  requirements.  Magnetic  inhomogeneity  prob- 
lems are  also  reduced.  Because  the  device  has  a linewidtli  a factor  of  ten 
narrower  than  a conventional  hydrogen  maser,  anomalous  spin  exchange  effects 
are  correspondingly  reduced.  The  present  configuration  of  the  device  achieved 
an  accuracy  limit  of  2.4  |xirts  in  but  this  was  due  to  a large  measurement 

uncertainty  for  B and  a long  term  stability  lloor  of  a (wrt  in  10*-^  causetl  by  the 
necessity  of  using  an  amplifier  in  the  maser  feedback  loop.  With  |xissive  maser 
techni(jues,*^  an  accuracy  of  a part  in  shoubl  be  achievable. 

Another  device  which  shows  much  promise  is  the  concer  tina  hydrogen  maser 
developed  by  Harry  Peters.^’  'lire  device  is  showii  in  Figure  (i.  In  this  de\iee, 
the  variable  volume  storage  bulb  is  a flexible  bellows  of  teflon  film.  'I'here  are 
stress  effects,  but  to  first  order  they  canc(41  due  to  the  bellows  configui'ation. 
This  device  also  has  the  great  advantage  ol  allowing  measurement  over  a con- 
tinous  range  of  calibrated  volunu^s.  Stress  effects  will  be  determineil  by  cuiwe 
fitting  the  fre<iuc’ncy  shift  data  and  by  using  bellows  of  differing  thickness.  The 
assymetrical  arrangement  of  the  storage  bulb  in  the  microwave  cavity  makes 
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this  very  susceptahle  to  maj^noUc  inhomoffcnoity  problems,  i)ut  these  can 

be  measured'*  and  calibrated  out  lor  each  volume  setting'.  Preliminary  meas- 
VH'ements  ''.ith  the  concertina  maser  have  beiui  consistent  with  hydroj^en  hy|X'r- 
t'ine  measurements  using  the  flexible  bulb-large  storage  box  maser, and  with 
a i-ecent  complin  on  of  wall  shift  measurements.'*^  A very  interesting  side 
result  of  this  measurement  is  that  at  •10'’f  , 0 for  type  L I'KP  film''*  is  a fac- 
tor of  four  smaller  tluui  0 for  FKP  teflon  sintered  on  a (juai'tz  storage  bulb. 

F r HT 1 1 K H 1 ) f:  V F L(  f P MF  N TS 

In  1970,  Paul  Zitzewitz  and  Norman  Hamsey-^---  discovered  that  the  wall  sltift 
goes  through  zero  at  approximately  101)°C.  This  was  later  verified  by  Robert 
Vessot  ;md  Martin  Levine.-' Based  on  this,  a device  using  a variable  volume 
storage  bulb  as  a null  detector  for  the  zero  wall  shift  ixjint  was  pro|X)sed  by 
Vessot  and  Levine.-' The  great  advantage  of  tliis  device  is  that  one  need  not 
know  B accurately  to  calibrate  out  the  wall  shift,  and  because  one  actually  o|>- 
erates  with  a zero  wall  shift,  the  device  can  be  operated  in  an  automated 
fashion.-^ 

One  can  generalize  this  idea  to  take  advantage  of  dropping  the  necessity  of 
measuring  B without  having  to  go  to  the  zero  wall  shift  temperature.  This  gen- 
eralization is  demonstrated  in  Figure  7.  Since  the  valui>  of  d changes  with 
temfx-rature,  one  need  only  change  the  tempi' nature  of  a variable  volume  device 
while  making  measurements  at  the  same  two  volumes.  By  extrapolating  to  the 
iwint  where  the  curves  for  each  tem(K'rature  intersect,  one  can  determine  the 
zero  wall  shift  (Xiint  without  actually  reaching  it.  As  discussed  previously  in 
the  context  of  determining  stress  effects,^’  it  one  makes  measurements  at  at 
least  three  temperatures,  by  the  scatter  of  the  interseetion  ixjints,  one  can 
estir.  ate  the  errors  due  to  assumptions  of  constant  <t>  or  due  to  changes  in  fQ. 

One  need  not  even  have  a linear  measure  of  the  inverse  volume  or  X"'  for  the 
methcxl  to  work.  Since  the  wall  sliift  is  homogeneous  in  A for  any  monotonic 
function  X(  X''  ),  the  intc^rsection  point  of  a family  of  curves  in  <?  can  only  occur 
at  zero  wall  shift.  Also  because  the  wall  shift  is  homogeneous  in  0,  one  can 
make  a single  [Kant  transformation  X''  (X)  where  X is  the  measurement  para- 
meter such  that  the  frc(|uency  change  linear  in  X ' . One  can  therefore  arbi- 
trily  mark  two  [joints,  X | and  X2,  on  the  ordinate  axis  ol  a graph  and  linearly 
extra|K)late  to  x ' 0 which  is  ex|x‘rimentally  deUu  mined  by  thi  intersection 

of  the  straight  lines. 

Bastnl  on  this  method  and  the  knowledge  gained  from  |)revious  devices,  a new- 
variable  volume  device  is  being  develo|X'd  at  NASA’s  Ckxldard  S()ace  flight 
Center.  It  is  shown  In  Figure  H.  The  device  will  have  a flexible  cone  variable 


volume  element  outside  the  eavity  to  avoid  the  problems  assoeiated  with  a 
variable  storage  bulb  inside  the  mierowave  eavity.  It  will  also  not  have  any 
eleetronie  feedbaek  to  avoid  the  instabilities  assoeiated  with  amplifiers  in  the 
feedback  loop.  Figure  9 demonstrates  that  a reasonable  external  volume  ean 
be  achieved  without  electronic  feedback.  The  extra  filling  factor  obtained  with 
the  elongaU'd  cavity  design  used  in  NASA  masers  has  proved  instrumental  in 
achieving  this.  The  plans  are  to  operate  this  device  either  as  a zero  wall  shift 
maser  or  in  the  generalized  mode  just  described.  Recent  experiments  have 
shown  that  FPJP  teflon  film,  after  a bake  out  at  120  C,  has  a low  enough  vapor 
pressure  at  100°C  to  allow  a zero  wall  shift  maser  to  function.  With  this  device 
and  future  developments  with  some  of  the  others  outlined  here,  the  promise  of 
lO’’"'  accuracy  should  become  a reality  in  the  near  future. 
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ABSTRACT 

Frequency  shifts  due  to  changing  magnetic  field 
inhomogeneities  can  limit  the  steibility  of  atomic 
hydrogen  maser  standards.  They  can  be  minimized 
by  careful  design  of  the  magnetic  shields,  by 
centering  the  storage  bottle  in  the  microwave 
cavity,  and  by  operating  at  relatively  high 
ambient  magnetic  fields,  so  as  to  make  these 
frequency  shifts  less  tJian  one  part  in  10"^^ 
and  the  instabilities  due  to  chamges  of  fi  ;ld 
much  smaller  than  10~'^.  The  inhomogeneity 
shift  is  also  reduced  by  increasing  the  atom 
storage  time,  as  are  both  the  instabilities 
due  to  changes  of  cavity  tuning  and  the 
amount  of  hydrogen  atom  flux  required  for 
self-sustained  oscillation.  Strategies  for 
improved  atom  storage  times  include  new 
surface  materials  and  improved  collimation 
techniques . 

INTRODUCTION 

Atomic  hydrogen  maser  frequency  standards  are  normally  op>erated  at  verq' 
low  average  magnetic  fields,  in  order  to  take  advantage  of  the 
quadratic  dependence  of  frequency  on  magnetic  field  so  as  to  minimize 
errors  due  to  chdinges  of  the  average  magnetic  field.'  Unfortunately, 
in  low  average  magnetic  fields  the  hydrogen  maser  oscillation 
frequency  is  subject  to  apprecicible  errors  due  to  changes  of 
gradients  in  the  magnetic  field.  Motion  through  static  and 
microwave  magnetic  field  gradients  by  the  radiating  atoms  induces 
hyperfine  tremsitions  which  pull  the  oscillation  frequency  by  amounts 
which  can  vary  as  the  static  magnetic  field  gradients  change  over 
time.^»'  This  report  provides  rough  estimates  of  frequency  shifts  to 
be  expected  because  of  this  mechanism  and  suggests  strategies  for 
minimizing  the  effects  on  long  term  frequency  stability. 


1 


«;Ksrr,c  euNK.„,T 


iTIUf.V 


I 


MOTIONAL  FREQL'ENCY  SHIFTS 

Changes  '^Vqsc  of  the  spin  exchange  tuned  hydrogen  maser  oscillation 
frequency'  due  to  changes  of  static  magnetic  field  gradient  are  of 
the  order  of^ 

6v  = ±(J  to  6)  xio-^  (TTT„)-‘ (p,- p,l  fl+ (1.5X10”  )‘*]'^6(ttT  . (1) 

(TTg)”*  is  the  contribution  to  the  atomic  resonance  linewidth  from 
the  rate  at  which  atoms  escape  from  the  storage  bottle.  It  can  be 
reduced  by  using  a small  effective  exit  area,  but  it  cannot  be 
reduced  much  below  the  contribution  to  resonance  linewidth 

from  wall  collision  relaxation  plus  the  contribution  (tiTm)"'  from 
motion  through  static  magnetic  field  gradients,  without  limiting  the 
oscillation  power  level  and  spin  exchange  timing  range.  (Pu  - P33  is 
the  net  average  electron  polarization  of  the  hydrogen  atom  beam  as 
it  enters  the  storage  bottle.  It  can  be  reduced  with  some  loss  of 
oscillation  power  and  tuning  range  by  driving  Zeeman  transitions  in 
the  atomic  beam  before  it  enters  the  storage  bottle,  or  it  can  be 
reduced  without  loss  of  power  or  tuning  range  using  the  double 
focusing  technique  to  eliminate  atoms  in  the  uppermost  hyperfine 
state  from  the  atomic  beam."*'*  0)^  is  the  angular  frequency  of  the 

Af=0  Zeeman  transitions  and  is  directly  proportional  to  the  static 
magnetic  field  averaged  over  the  storage  bottle.  The  contribution 
(■^Tf^)”*  of  magnetic  field  gradient  relaxation  to  the  atomic 
resonance  linewidth  is  proportional  to  the  mean  square  deviation  of 
the  static  magnetic  field  from  its  average,  so  that  6(ttT{,j)“^  is 
proportional  to  the  change  of  amplitude  of  the  static  magnetic  field 
gradient.  (tTm)"*  depends  on  roughly  as  1 1+ (1 . 5x10”  , so 

that  6Vqsc  falls  off  with  increasing  static  magnetic  field  roughly 
as  or"*  and  can  be  made  arbitrarily  small  by  operating  the  hydrogen 
maser  at  relatively  high  magnetic  fields  such  that  is  large 
compared  to  the  rate  at  which  atoms  bounce  back  and  forth  across  the 
storage  bottle.  In  that  case  care  must  be  ' aken  to  precisely  measure 
and  m^lke  relatively  large  corrections  for  the  magnetic  field 
dependence  of  the  oscillation  frequency  in  such  high  magnetic  fields. 

The  factor  ±(3  to  6)  x 10“^  in  eq.(l)  depends  in  sign  and  magnitude 
on  the  correlation  between  static  magnetic  field  inhomogeneities  and 
the  configuration  of  the  microwave  magnetic  field  in  the  hydrogen 
maser  cavity.  Carefully  centering  the  storage  bottle  in  the  cavity 
eliminates  oscillation  frequency  pulling  from  first  and  all  odd  order 
static  magnetic  field  gradients. 

tq.(l)  predicts  frequency  shifts  which  are  small  enough  to  be  hard  to 
detect  yet  large  enough  to  contribute  to  long  term  frequency 
instability.  For  example,  for  (ttTh,|)”’=0.  1 Hz.  a change  of  static 
magnetic  field  gradient  of  10*  may  give  a shift  of  order  5x10”' ‘‘of 
the  oscillation  frequency.  The  shift  may  be  larger  or  smaller 
depending  on  the  configuration  of  static  magnetic  field  gradient. 
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but  model  calculations  based  on  plausible  field  configurations 
suggest  this  order  of  magnitude  at  very  low  average  magnetic  field 
and  (Pii  - P33  )q  =1/2.  Of  course,  this  source  of  oscillation 
frequency  instability  can  be  reduced  by  reducing  changes  of  static 
magnetic  field  gradient  by  careful  magnetic  shield  design,  or  by 
reducing  any  of  the  other  factors  in  eq.(l). 

INCREASED  HYDROCIEN  ATOM  STORAGE  TIME 


We  have  been  doing  experiments  to  maximize  hydrogen  atom  storage  time 
using  multitube  collimators  to  confine  the  atoms  in  the  storage  bottles 
longer,  thereby  reducing  both  the  factor  (iTT3)"*in  eq.(l)  and  the 
overall  linewidths  at  which  the  hydrogen  maser  is  tuned  and  operated. 
Lower  overall  linewidth  means  less  oscillation  frequency  instability 
due  to  drifts  of  the  microwave  cavity  tuning.  The  beam  intensity 
required  for  oscillation  is  also  less,  so  that  requirements  of 
pumping  speed  and  pump  element  life  are  eased.  The  only 
disadvantage  is  that  the  oscillation  power  level  is  reduced,  so 
that  longer  averaging  times  are  required. 


Table  one  shows  a comparison  between  relaxation  rates  and  relative 
beam  intensities  measured  for  two  5"  diameter  spheres  coated  with 
FEP  Teflon,  one  of  which  had  a conventional  stem  to  limit  egress 
by  the  atoms  and  the  other  a multitube  collimator  in  place  of  the 
stem. 


(TTTy)-; 

(ttTo)-' 


TABLE  ONE 

With  Stem, 

. 67  Hz 
.87  Hz 
1 

5.16  cm^ 


With  Collimator 
.27-  Hz 
.49  Hz 
.27 

. 1 cm^ 


The  stem  was  7.54  mm  I.D.  by  115.6  mm  long  and  was  coated  with  FEE 
Teflon.  The  collimator  was  a bundle  of  tubes  having  .05  mm  pore 
diameters  by  1 mm  long  and  said  by  the  manufacturer^  to  have  5;  * 
transparency  before  being  coated  with  fluorinated  drifilr.  Tf.»- 
(^Tg)"*  contribution  to  the  resonance  linewidth  due  to  atom  .s}« 
from  the  storage  bottle  was  substantially  reduced  for  rh*,  L(  • 
with  the  collimator.  The  overall  density-indeperidetit  • 

(ttTq)"’,  including  (tTg)”’,  CnTM)-*  and  wall  col  = i i ; r 
was  also  substantially  reduced  but  by  a smalb  t t .iM  !• 
similar  .2  Hz  contribution  by  wall  ccllisict.  • •• '. 
cases.  Comparing  the  measured  (T’Tg)"’  fci  f •<  . 

collimator  to  what  would  be  ir<dir  *e.i  iv  je,  t* 
the  transparency  of  the  collirid’ot  .»!••  • 

The  relative  input  Lear  ‘ r 


was  even  less  than  .38,  proba±)ly  due  to  alignment  problems. 

Despite  the  alignment  loss,  the  ratio  of  maximum  available  resonance 
linewidth  to  , which  determines  the  spin  exchange  tuning 

range,  was  1.2  times  greater  for  the  bottle  with  the  collimator 
because  of  the  much  longer  storage  time.  The  volume  of  the 
collimator,  which  is  an  important  factor  in  the  motional  averaging 
frequency  shifts  discussed  by  Brenner,^  was  only  .02  as  large  as 
the  volume  of  the  stem. 

These  results  are  promising,  and  we  plan  to  try  some  collimators 
having  larger  pore  diameters  for  easier  alignment  and  better 
transparency  after  coating  but  with  some  increase  of  volume.  We 
also  plan  to  try  some  new  coating  materials,  in  order  to  reduce 
the  contribution  to  (ttTq)"^  from  wall  collision  relaxation,  but 
we  have  not  yet  found  anything  better  than  FEP  Teflon. 
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NEW  TE^^^-MODE  HYDROGEN  MASER 

Edward  M.  Mattison,  Martin  W.  Levine,  and  Robert  F.  C.  Vessot, 
Smithsonian  Astrophysical  Observatory 

ABSTRACT 

We  describe  the  construction  and  discuss  the  proper- 
ties of  a TE-ji^-mode  hydrogen  maser  resonant  cavity 
that  has  achieved  maser  oscillation.  The  TE^-ji-mode 
cavity  is  about  half  the  size  of  traditional  maser 
cavities  and  combines  the  electromagnetic  resonator 
and  the  hydrogen  storage  region  in  a single  structure. 

The  measured  line  Q of  the  operational  cavity  is 

O 

Qj  = 8.5  X 10  , and  the  probability  for  hydrogen-atom 

relaxation  on  the  Teflon-coated  walls  is  approximately 
-5 

5 X 10  /impact.  We  also  discuss  a possible  modifi- 
cation to  the  cavity  that  would  increase  the  magnetic 
fill ing  factor. 

INTRODUCTION 

The  minimum  size  of  a hydrogen  maser  is  determined  by  the  size  of 
its  electromagnetic  resonant  cavity,  which  must  have  a resonance 
frequency  of  1420  MHz.  Typical  TEpi-j-mode  resonators  traditionally 
used  in  masers  are  approximately  28  cm  long  and  28  cm  in  diameter.  The 
cavity,  in  turn,  is  surrounded  by  a vacuum  envelope,  temperature- 
controlling ovens,  thermal  insulation,  and  several  layers  of  magnetic 
shields.  A lower  size  limit  for  TEQi-|-mode  hydrogen  masers  appears  to 
be  represented  by  the  maser  that  flew  in  the  probe  rocket  of  the  recent 
gravitational  redshift  experiment^;  this  maser  was  0.6  cm  long  and  0.5  m 
in  diameter  and  weighed  40  kg. 


We  have  investigated  the  possibility  of  using  different  types  of 

2 

cavities  to  reduce  the  size  of  hydrogen  masers.  In  particular,  we  have 
shown  that  a new  type  of  cavity,  the  cylindrical  TE^-ji-mode  resonator, 
is  capable  of  sustaining  maser  oscillation,  and  we  have  constructed  and 
successfully  operated  such  a cavity  in  a maser. 

The  TE^^^-mode  cavity,  which  is  compared  with  the  TEQ^-j-mode  cavity 
in  Figure  1,  is  roughly  half  the  length  and  diameter  of  the  reso- 

nator. It  is  divided  into  two  equal  storage  volumes  by  a Teflon-coated 
septum,  with  half  the  hydrogen  beam  entering  each  volume.  A separate 
storage  bulb  is  not  used;  rather,  the  inside  walls  of  the  resonator  are 
coated  with  Teflon  and,  together  with  the  Teflon  septum,  constitute  the 
hydrogen-confining  surface.  Thus,  the  resonator  and  "bulb"  are  a single 
structure. 

OSCILLATION  CRITERION 

In  a hydrogen  maser,  hydrogen  atoms  are  confined  to  a region  of 
constant-phase  RF  magnetic  field  within  an  electromagnetic  resonant 
cavity.  To  produce  self-oscillation,  the  field  amplitude  must  be  great 
enough  to  stimulate  emission  from  the  atoms  at  a rate  that  overcomes  the 
electrical  losses  in  the  cavity.  The  necessary  condition  for  oscilla- 
tion thus  involves  both  the  resonator  Q and  the  geometrical  distribution 

of  RF  fields  within  the  hydrogen  storage  volume.  The  oscillation 

2 

criterion  is  given  by 

S = Q^n'  > 5.9  X 10^  . (1) 

where  the  parameter  S is  the  product  of  Q|^,  the  loaded  cavity  Q,  and  n' , 
the  storage-bulb  filling  factor.  The  filling  factor  is  defined  by 


n 


(2a) 


V 

-b  b 
''c 


2V. 


<Hz> 


''c  (h2>. 


for  the  TEQ^^-mode  cavity 


for  the  TE-i^i-mode  cavity 


(2b) 


where  = volume  of  a single  storage  region, 

= total  cavity  volume, 

= average  over  storage  region, 

{) ^ = average  over  cavity,  and 
H and  = RF  magnetic  field. 

The  value  of  depends  on  the  materials  and  construction  of  the 
cavity,  as  well  as  on  its  size,  shape,  and  electromagnetic  mode;  n'  , on 
the  other  hand,  is  a function  only  of  the  storage-bulb  and  cavity 
geometries. 

Figure  2 shows  Sq,  the  value  of  S for  an  uncoupled  resonator,  as  a 
function  of  shape  for  a silver-coated  TE.|i^-mode  maser  cavity.  Such  a 
cavity  with  a length-to-diameter  ratio  L/D  = 1.25  has  a calculated  fil- 
ling factor  of  n"  = 0.42.  With  a loaded  Q of  24000,  attainable  in 
practice,  this  gives  S = 10000,  almost  twice  the  threshold  value, 
indicating  that  the  cavity  should  support  oscillation. 

PROPERTIES  OF  THE  TE^^^-MODE  MASER 

A prototype  TE^^^-mode  cavity,  18  cm  long  and  16  cm  in  diameter, 
is  shown  in  Figure  3.  For  convenience  of  construction  it  was  made  of 
OFHC  copper,  rather  than  of  low-expansion  ceramic,  and  is  divided  into 
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four  sections.  The  division  parallel  to  the  longitudinal  cylinder  axis 
allows  the  left  and  right  halves  to  clamp  a thin  Teflon  sheet  that 
separates  the  two  atom-confining  regions,  while  the  division  perpendicu- 
lar to  the  axis  permits  the  cavity's  resonance  frequency  to  be  set  by 
machining  the  cavity  to  the  proper  length.  These  dividing  planes  were 
chosen  to  coincide  with  zero-current  lines  of  the  TE.jii  mode  so  that 
good  electrical  contact  between  the  sections  is  not  a critical  require- 
ment. 


The  cavity  was  mounted  on  a modified  maser  that  contains  a hydrogen 
source,  magnetic  shields  and  solenoids,  and  thermal  controls.  The 
resonance  frequency  was  adjusted  during  operation  by  varying  the  cavi ty's 
temperature  and  by  moving  a copper  rod  within  a small  Teflon-coated 
glass  dome  that  extends  into  the  cavity.  A similar  dome  houses  the  RF 
pickup  loop. 

The  characteristics  of  the  resonator  are  given  in  Table  1. 

The  unloaded  cavity  Q is  quite  close  to  its  theoretically  calculated 
value,  the  high  value  probably  being  due  to  the  use  of  a solid  copper 
cavity  with  1 cm  walls  and  proper  dividing  planes,  which  combine  to 
prevent  RF  leakage.  The  measured  Qj^,  together  with  the  calculated 
gives  a value  for  the  oscillation  parameter  S that  is  1.9  times  its 
threshold  value,  as  predicted.  The  oscillating  TE.|.|i-mode  maser  has  an 
RF  power  output  of 

P . = -102  dBm  = 6.3  x lO"^^  mw 
out 


and  a measured  line  Q of 


I 


Table  1.  cavity  parameters. 


Measured 


Loaded  Q; 

Coupling  parameter: 
Unloaded  Q: 


Ql  = 27  X 10^ 
e = 0.12 

Qq  = 30  X 10^ 


Calculated 

Unloaded  Q: 


Qq  = 33  X 10^  , 


Filling  factor: 
Oscillation  Criterion 


n = 0.419 


S = Qj_(meas)  x n'(calc)  = 11.3  x 10' 


Qn(meas) 
QQ(theo)  “ 


^thresh 


The  hydrogen-atom  relaxation  time  was  measured  to  be  0.34  sec, 

while  the  calculated  geometrical  lifetime  is  1 sec,  giving  a wall- 

collision  relaxation  rate  of  2 sec  \ This  corresponds  to  a relaxation 

-5 

probability  of  approximately  5 x 10  /impact,  which  agrees  with  other 
relaxation  measurements  on  FEP  Teflon. 


MODIFIED  CAVITY  DESIGN 

In  the  TE^^^  resonator  discussed  above,  the  hydrogen  atoms  sample 
the  RF  magnetic  field  throughout  the  cavity,  including  near  the  ends, 
where  the  field  is  transverse  rather  than  longitudinal.  If  the  atoms  were 
restricted  to  the  center  region  of  the  cavity,  the  filling  factor  of  the 
resonator  could  be  increased  and  frequency  instabilities  caused  by 

4 

changes  in  the  transverse  RF  and  DC  magnetic-field  gradients  could  be 
reduced. 


359 


One  method  of  confining  the  hydrogen  atoms  to  the  center  is  to  fill 

5 

the  ends  of  the  cavity  with  a solid  dielectric  material  such  as  quartz. 

A second  method  is  to  form  the  ends  of  the  hydrogen  storage  volume  with 
transverse  septa  of  thin,  Teflon-coated  quartz,  as  shown  schematically  in 
Figure  4.  Shortening  the  storage  region  by  the  latter  technique 
increases  the  filling  factor  by  approximately  15%  for  a storage  region 
that  is  three-fourths  the  length  of  the  cavity  (Figure  5).  Both  methods 
of  shortening  the  storage  region  have  the  disadvantage  that  the  dielec- 
tric would  decrease  the  cavity's  Q and  increase  its  sensitivity  to 
temperature  change  (although  the  use  of  very  thin  quartz  septa  could 
minimize  these  effects),  and  thus  neither  method  is  likely  to  be  practi- 
cal if  employed  solely  to  increase  the  filling  factor.  However,  the 
second  method  may  be  useful  for  investigating,  and  possibly  reducing, 
the  inhomogeneity  frequency  shifts. 
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FIGURE  CAPTIONS 


Fig.  1 ~TEq^^  and  TE^^-j  maser  cavities.  Section  views  are  drawn  to  the 
same  scale;  the  actual  inside  dimensions  of  typical  cavities 
are  TEq^ ^ , 25-cm  length  x 29-cm  diameter;  TE^^^,  19-cm  length 
X 15-cm  diameter. 


Fig.  2 - Oscillation  parameter  Sq  for  uncoupled  TE.jii-mode  maser  cavity 
as  a function  of  cavity  shape. 

3 - Photograph  of  experimental  TE^-ji-mode  cavity  on  test-bed  maser. 

4 - Section  view  of  TE-|^^-mode  maser  cavity  with  shortened  hydrogen 

storage  volume. 

Fig.  5 - Filling  factor  of  TE-ji^-mode  cavity  with  shortened  storage 
vol ume. 


MASER  CAVITY  TE,,,  MASER  CAVITY 


Fig.  I-TEqh  and  TEm  maser  cavities.  Section  views  are  drawn  to  the  same 
scale;  the  actual  inside  dimensions  of  typical  cavities  are  TEq,,,  25-cm  length 
X 29-cm  diameter;  TE,n,  19-cm  length  x 15-cm  diameter. 


I 


Fig.  2-OscilIation  parameter  Sj  for  uncoupled  TE,,,-mode  maser  cavity  as  a 

function  of  cavity  shape. 
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DESIGN  AND  RESULTS  FROM  A PROTOTYPE  PASSIVE  HYDROGEN  MASER 

FREQUENCY  STANDARD 

F.  L.  Walls 

Frequency  & Time  Standards  Section 
National  Bureau  of  Standards 
Boulder,  Colorado  80302 


ABSTRACT 


The  basic  design  of  a prototyj^e  passive  hydrogen  maser  fre- 
quency standard  is  very  briefly  described  and  its  unique  features 
outlined.  The  latest  results  on  its  long-term  stability  and  envi- 
ronmental sensitivitj'^wiljl  be  given.  The  present  results  indicate 
that  Oy(T)  ^ 2 X 10  T for  averaging  times  between  40  s and 
15000  s,  O (15000)  1.4  r 10  . Over  a fourteen-day  period  the 

rms  daily  ^ime  fluctuations  was  2 ns  while  the  least  squares  fjg 
to  a linear  frequency  drift  over  the  fourteen  days  was  6 x 10  /day, 
which  is  within  the  measurement  noise.  These  results  are  particu- 
larly noteworthy  for  those  Interested  in  clocks  for  timekeeping 
applications  as  they  were  obtained  without  temperature  control  of 
any  of  the  electronics  and  only  a single  oven  on  the  cavity.  Fur- 
ther improvements  in  the  electronics  including  temperature  stabili- 
zation of  critical  control  circuits  should  reduce  the  daily  varia- 
tions by  a factor  of  five  to  ten  and  also  improve  the  already 
excellent  long-term  stability. 

The  design  principles  illustrated  by  this  prototype  can  also 
be  used  to  realize  a miniature  passive  hydrogen  maser  frequency 
standard  with  little  compromise  in  long-term  stability  [1] . 


Fig.  1 shows  the  block  diagrsun  of  the  present  prototype  passive 
hydrogen  maser  frequency  standard.  This  present  configuration  is  inten- 
ded to  show  feasibility  of  achieving  GPS  specif ications  for  time  keeping 
stability  of  10  ns  over  a 10  day  prediction  period,  and  to  allow  monitor- 
ing of  various  pareuneters  which  might  affect  its  performance.  The  micro- 
wave  cavity,  atomic  hydrogen  source,  and  magnetic  field  configuration  are 
similar  to  designs  used  in  active  masers.  The  5 MHz  crystal  controlled 
oscillator  is  distributed  through  five  -120  dB  isolation  amplifiers. 

Three  outputs  are  for  measurement  puri>oses  and  two  drive  internal  elec- 
tronics. The  5 MHz  signal  is  phase  modulated  at  12.2  kHz  and  ^ .4  Hz, 
multiplied  to  1440  MHz  and  then  mixed  with  a synthesizer  signal  to 
produce  the  hydrogen  resonance  frequency.  The  .4  Hz  phase  modulation 
probes  the  hydrogen  resonance  which  produces  amplitude  modulation  at  .4 
Hz,  the  size  of  which  is  proportional  to  the  frequency  offset  between 
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the  probe  signal  and  the  hydrogen  resonance.  This  signal  is  detected  as 
.4  Ilz  amplitude  modulation  of  the  20  MHz  signal.  After  amplification 
and  filtering,  this  signal  is  demodulated  to  produce  an  error  signal 
which  is  used  to  correct  the  frequency  of  the  5 MHz  oscillator.  The 
ettack  time  of  this  frequency  lock  loop  is  typically  a few  seconds. 

In  a very  similar  way  the  cavity  detuning  from  the  probe  freejuency 
is  sensed  by  detecting  the  12  kHz  amplitude  modulation  on  the  20  MHz 
Signal.  This  12  kHz  signal  is  amplified,  filtered,  and  demodulated  to 
produce  an  error  signal  which  is  used  to  correct  the  cavity  frequency. 
Since  the  probe  signal  is  automatically  steered  to  the  center  of  the 
hydrogen  resonance  frequency  via  the  .4  Hz  servo,  this  produces  a 
clean  way  of  tuning  the  cavity  frequency  to  the  hydrogen  resonance  fre- 
quency. The  12  kHz  sidebands  due  to  the  phase  modulation  are  -10  dB 
relative  to  the  carrier  and  equal  in  amplitude  to  several  parts  per 
million.  The  signal-to-noise  in  the  cavity  servo  loop  is  such  that  the 
cavity  frequency  can  be  detected  with  a resolution  of  5 Hz  in  only  a 
few  seconds.  The  present  servo  attack  time  is  10  s which  allows  rapid 
correction  of  cavity  offset  due  to  any  environmental  perturbation  be 
it  changes  in  jjressure,  aging  of  the  cavity  coating,  deformation  of 
the  cavity  due  to  strain  or  sudden  shock,  or  even  changes  is  cavity 
pulling  due  to  changes  of  the  coupling  to  the  amplifiers.  This  cavity 
servo  scheme  should  have  virtually  no  effect  on  the  hydrogen  resonance 
line  due  to  the  small  size  of  the  12  kHz  sidebands  and  their  high  sym- 
metry about  the  hydrogen  resonance. 

The  ability  of  the  cavity  servo  to  correct  for  cavity  changes  is 
very  clearly  illustrated  by  Figure  2.  The  lower  portion  shows  the  cavity 
correction  vs  time  after  a 1®C  change  in  cavity  temperature.  The 
sensitivity  is  about  1 volt  per  1 kHz  change  in  uncorrected  cavity  fre- 
quency. The  upi^er  portion  of  Figure  2 shows  the  frequency  of  the  fully 
locked  up  passive  hydrogen  frequency  standard  over  the  sa^^  period  of 
time.  The  frequency  changed  fractionally  by  about  7 x 10  due  to  a 
.7®C  change  in  cavity  temperature  over  the  period  in  which  the  data  was 
taken.  This  corresponds  to  an  open  loop  change  of  ^^ut  700  Hz  in 
cavity  frequency.  This  fractional  change  of  7 x 10  is  probably  due  to 
a combination  of  a change  in  the  wall  shift  and  the  second  order  Doppler 
shift,  rather  than  an  error  in  the  cavity  servo.  Without  the^cavity 
servo  the  frequency  would  have  changed  fractionally  by  '\i  lO”  . These 
results  mean  that  the  cavity  servo  can  correct  for  cavity  changes  of 
order  100  Hz  or  larger  ^^d  still  hold  the  perturbation  to  the  output 
frequency  below  1 x 10  . This  relaxes  the  requirement  of  temperature 

stability  of  the  cavity  approximately  a factor  of  100  compared  to  any 
present  stand  alone  active  cavity  maser  design.  The  required  cavity 
temperature  stability  for  the  pa^^ive  maser  is  determined  by  the  second 
order  Doppler  shift  of  1.3  x 10  /®C  and  the  temperature  dependence  of 

the  wall  shift.  This  limit  is  about  i .070®C  for  a fractional  change  of 
t 1 X lO"^'*. 
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other  parameters  which  might  affect  the  frequency  of  such  a 
passive  hydrogen  maser  are  variations  in  hydrogen  beam  density  and 
variations  in  microwave  power.  Fig.  3 shows  the  data  taken  to  measure 
the  spin-exchange  shift.  33%  increase  in  beam  intensity  produced 
a change  of  - 6 ± 4 x 10  . Similarly  it  was  found  that  a ^^ange  in 

microwave  power  of  -2  dB  caused  a shift  of  about  8 ± 4 x 10  . Both 

these  effe^^s  are  small  enough  that  they  should  not  affect  the  stability 
on  the  10  level  in  the  final  design.  The  time  domain  stability  of  the 
passive  hydrogen  maser  for  2000  s < p < 2.9d  was  measured  against  two 
high-performance  cesium  tubes  in  a three-corner  hat  arrangement,  i.e., 
three  pairs  of  beat  frequency  data  were  used  to  assign  a stability  to 
each  clock.  See  Fig.  4. 

Figure  4 shows  primarily  that  the  frequency  stability  of  the 
passive  hydrogen  maser  is  substantially  better  than  that  of  Cs  324  and 
Cs  323,  over  the  region  from  2000  s to  64000  s.  For  example,  the  data 
at  2000  s and  4000  s,  which  have  the  best  confidence,  indicatej^^hat^t^e 
short-term  stability  of  the  passive  hydrogen  is  % 6 + 27  x 10 
Unfortunately,  there  just  was  not  enough  time  to  take  more  data  in 
order  to  reduce  the  uncertainty  in  the  measurement. 

The  data  of  passive  hydrogen  versus  NBS-6,  one  of  our  primary 
cesium  standards  is  shown  in  Fig^  5.  This  data  shows  that  the  stability 
of  the  pair  is  't  2.2  x 10“^^  I (38  s < T < 15000  s)  and  hence  pro- 

vides an  upper  limit  on  the  stability  of  the  passive  hydrogen  and  NBS-6. 

The  long-term  frequency  stability  of  the  passive  hydrogen  maser  was 
assessed  by  comparison  against  the  UTC(NBS)  time  scale  comprised  of 
nine  cesium  standards  including  our  primary  cesium  standards  NBS-4  and 
UBS-6.  The  5 MHz  output  from  the  passive  maser  was  divided  down  to  1 
pulse  per  second  and  compared  to  a similar  1 pulse  per  second  tick 
originating  from  member  clocks  of  the  time  scale.  Daily  time  differences 
were  recorded  with  an  accuracy  of  = 1.5  ns.  In  this  way  the  frequency 
of  the  passive  maser  at  one-day  and  longer  averaging  times  could  be 
measured.  Frequency  stability  plots  of  this  data  are  shown  in  Figs.  5 
and  6.  The  fractional  frequency  stability  data  is  shown  at  the  bottom 
of  Fig.  6 along  with  variou.*  notes  of  prevailing  experimental  conditions. 

As  noted  this  data  was  taken  over  several  days  following  ==  1®C  change 
in  cavity  temperature.  The  data  over  the  days  8-9  and  9-10  were  anomalous- 
ly low  and  an  examination  of  the  various  monitors  indicated  that  the 
crystal  oscillator  servo  loop  was  exceeding  its  dynamic  range  part  of 
the  time.  The  crystal  oscillator  was  then  re-set  within  its  normal  range. 
The  frequency  then  returned  to  its  nominal  average  of  the  first  eight  days. 
The  morning  of  day  14,  the  laboratory  suffered  a short  power  outage  which 
caused  some  troubles  in  the  electronics  and  the  analysis  was  terminated. 

The  square  root  of  the  Allan  Variance  derived  from  the  data  of  Fig. 6 
is  shown  in  Fig.  5 (2] . It  is  quite  apparent  that  there  is  a more  or  less 
daily  variation  in  the  frequency  due  to  some  environmental  influence,  which 
is  cibove  the  level  of  white  frequency  fluctuations  expected  on  the  basis 
of  the  data  from  38  s to  15000  s. 
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In  spite  of  this,  the  sj^ility  at  3 days  is  8.4  i 5 x 10  and  at 
4 days  it  is  2.2  ± 1.8  x 10  . It  is  expected  that  the  noise  level  near 

1 day,  which  acts  like  some  sort  of  phase  modulation  can  be  reduced  by 
temperature  control  of  the  critical  servo  control  electronics  and  some 
of  the  filters.  At  the  present  time  none  of  the  electronics  is  tempera- 
ture controlled.  A leas|gSquares  fit  to  the  data  of  Fig.  6 yields  a 
linear  drift  of  6 x 10  /day  which  is  within  the  measurement  noise  of 
the  two  end  points.  From  the  frequency  stability  data  of  Fig.  6 it  can 
be  shown  that  the  expected  time  keeping  accuracy  over  a 10-day  predic- 
tion period  has  a 10  uncertainty  of  less  than  10  ns.  In  fact  over  the 
8-day  period  where  continuous  data  exists,  the  maximum  time  excursion 
was  4 ns  using  an  after  the  fact  average  frequency,  which  of  course 
can't  be  done  for  true  time  prediction. 

The  long-term  frequency  stability  data  presented  in  Figs.  4 to  6, 
and  especially  the  low  drift  are  to  my  knowledge,  the  best  that  have 
ever  been  documented  for  a single  stand  alone  hydrogen  frequency  stan- 
dard, and  it  is  as  good  as  that  observed  with  multiple  hydrogen  masers 
which  are  autotuned  against  one  another  or  against  a separate  hydrogen 
maser  [3-7]  . 

This  excellent  long-term  stability  has  been  accomplished  with  a 
relatively  standard  physics  package  - only  the  electronics  design  is 
new  and  it  isn't  even  temperature  stabilized  yet.  Therefore,  stabilities 
of  this  level  or  better  could  be  achieved  with  many  existing  active 
masers  by  converting  the  electronics  to  the  passive  approach  outlined 
in  Fig.  1.  The  main  requirement  is  that  the  cavity  have  2 coupling  ports. 

The  passive  electronics  will  also  be  used  with  a small  dielectric 
cavity  measuring 6"  diameter  and  6"  long.  It  is  expected  that  10-day 
stabilities  exceeding  1 x 10*  can  also  be  achieved  with  the  small 
cavity.  This  coupled  with  the  other  advantages  of  the  passive  approach, 
e.g.,  low  hydrogen  beam  requirements,  should  make  possible  a hydrogen 
maser  of  exceptional  stability  measuring  less  than  15"  dia  and  36"  long. 

Moreover  it  should  be  reiterated  that  the  sensitivity  of  the  passive 
hydrogen  maser  to  environmental  purturbations  is  greatly  reduced  over 
that  of  the  present  stand  alone  active  masers  because  of  its  rapid  active 
ca rity  control,  the  lack  of  threshold  conditions  on  beam  flux,  and  its 
ability  via  equalization  of  the  populations  of  the  three  upper  spin 
states,  to  greatly  reduce  the  magnetic  field  inhomogeneity  shift 
(Crampton  effect)  without  reducing  the  safety  margin  above  a threshold 
condition  [1] . 
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FIGURE  CAPTIONS 


Fig.  1 
Fig.  2 

Fig.  3 

Fig.  4 

Fig.  5 


Fig.  6 


Block  diagram  of  passive  hydrogen  maser  frequency  standard. 

Top:  Beat  period  between  NBS-6  and  passive  hydrogen  maser 

during  temperature  transient  of  0.7°C. 

Bottom:  Cavity  correction  during  a 0.7“C  temperature 

transient. 

Beat  period  between  passive  hydrogen  maser  and  NBS-6  at 
5 MHz  for  hydrogen  pressure  of  4.11  Pascals  (0.309 

Torr)  and  5.47  Pascals  (0.411  Torr) . 

Stability  plot  for  three  concurrent  beat  frequencies  between 
Cs  323,  Cs  324,  and  passive  hydrogen.  This  data  was  then 
used  to  estimate  an  independent  stability  for  the  passive 
hydrogen  maser  prototype.  The  dotted  lines  are  only  shown 
to  provide  a reference.  The  data  spanned  6 days. 

Summary  of  time  domain  stability  for  the  present  passive 
hydrogen  maser.  The  data  vs.  NBS-6  (38  s ^ T £ 150  00  s) 
provides  an  upper  limit  for  the  stability  of  the  passive 
hydrogen  maser.  The  passive  H estimate  is  from  Fig.  4, 
while  the  stability  of  the  passive  H maser  vs.  UTC(NBS)  was 
calculated  from  the  data  shown  in  Fig.  6.  See  text. 

Top:  Time  error  of  passive  hydrogen  maser  vs.  UTC(NBS) 

assuming  an  average  frequency  difference  of  8900  ns/day 
(rms  time  error  1.8  ns). 

Bottom:  Rate  of  passive  hydrogen  vs.  UTC(NBS).  Note  the 

indication  of  various  experimental  conditions  during 
the  14  days. 
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PANFL  A DtSC  USSION 


DR.  RAMSEY:  That  hriiifis  us  to  the  etui  ot  tliis  portion  of  tlie  Session.  The  next. 

I believe,  is  to  he  sort  of  a panel,  or  lonj:  table  iliscussion.  I think  the  tables  are  being  set  up 
now.  I might  make  a couple  of  comments  w'hile  w-e  are  getting  this  set  up.  In  fact,  w'hile 
we  are  setting  up  why  ilon’t  we  start  since  wc  are  running  a little  behind  time.  1 woulil 
suggest  for  the  first  perhaps  10  or  15  minutes  that  the  various  panel  members  ask  questions 
amongst  themselves,  then  we  will  throw  it  open  to  the  floor  for  (piestions. 

Will  the  speakers  then  please  come  forward. 

To  start  this,  since  1 think  the  first  initial  discussion  will  he  amongst  the  panel 
members  1 think  I will  take  advantage  of  my  position  as  chairman  to  ask  two  questions. 
Since  I probably  will  be  busy.  Til  think  of  other  things  as  we  go  along. 

The  first  is  perhaps  more  of  a comment  and  even  a suggestion  to  Boh  Vessot  in  his 
somewhat  rounded  shields  which  he  pointed  out  he  had  to  make  the  inner  shield  cylindrical 
and  use  some  of  the  advantage  of  this  for  the  purpose  of  being  sure  he  gets  a uniform  mag- 
netic field. 

In  fact,  you  can  still  do  it  with  a spherically  shaped  shell  provided  you  put  windings 
on  the  upper  portion  of  the  spherical  shape  and  with  a constant  pitch.  So,  if  there  is  any 
great  advantage  it  seems  you  could  benefit  from  that. 

DR.  VESSOT:  We  have  a torusspherical  end  so  that  might  complicate  the  winding  a 
little  further  and  are  uncertain  whether  the  net  permeability  of  the  shield  is  uniform. 

DR.  R AMSEY:  Independent  of  what  the  shape  of  the  end  or  cavity  may  be,  provided 
the  pitch  is  uniform  as  you  go  up  you  get  a uniform  magnetic  field 

The  second  question  or  comment.  Dr.  Desaintfuscien.  on  the.  your  version  of  how 
you  measure  the  wall  shift,  namely,  being  able  to  put  a plug  in  with  a different  one  as 
opposed  to  the  distorted  shape. 

Seems  to  me  there  you  lost  one  of  the  big  advantages  of  the  distorteil  shape 
in  that  when  you  put  the  plug  in.  you  have  different  portions  of  the  wall  exposed  and  con- 
sequently. you  are  not  as  free  of  the  properties  of  the  wall,  one  of  the  attributes  of  the 
others  is  that  it  is  independent  of  the  same  wall  coating. 

DR  RAMSEY:  Yes 

DR.  DESAINTFUSCIEN:  But  we  can  verify  that  the  waT  has  the  same  properties  by 
measuring  the  ratio  of  the  wall  the  two  configurations  and  verify  the  ratio  is  the  same 
as  the  one  from  the  geometric  from  geometries. 

DR.  RAMSEY:  But  I think  at  least  what  we  have  found  in  some  of  the  earlier  ones 
that  let  us  be  interested  in  the  variable  shape  has  been  the  fact  that.  well,  if  you  do  it, 
yours  is  an  intermediate  kind  of  wall.  We  liave  done  it  with  separately  coated  bottles,  when 
you  do  that  one  time  and  another  we  find  there  is  a variation  from  one  time  to  another. 

I think  it  is  a suspicion,  not  a confirmation,  that  you  get  some  degree  of  variation 
even  within  different  portions  of  a single  wall,  so  it  is  clearly  better  in  that  regard  than 
totally  separate  decoding  processes. 
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DR  VFSSOT:  I’criiaps  the  first  thing  miglit  he  t(r  say.  why  the  torusspherieal  shield 
in  the  first  plaee.  We  tound.  it  was  an  accident,  most  good  things  are.  W'e  had  to  make  a 
torusspherieal  pressure  vessel  which  in  our  search  for  light  weight  we  elected  to  combine 
with  the  magnetic  fields. 

.Ml  I can  say  about  that  idea  is.  don't  <lo  it. 

Hut  we  had  torusspherieal  magnetic  tlelils  anil  wanted  to  find  out  what  they  did. 

What  we  simply  did  was  measure  against  equivalent  sized  tlattened  shield  and  found  we 
had  about  40  percent  less  inhomogeneity  in  the  longitudinal  shielding  factor  combined 
with  the  transverse  shielding  factor. 

Transversely  w here  you  are  looking  at  the  field  lines  going  sideways  through  a cyliniler 
you  have  very  good,  closed  and  continuous  path  the  lap  Joints  don’t  bother  and  one  has. 

I think,  intrinsically  a better  shield. 

7 he  sharp  corners  on  the  covers  and  reluctance  of  the  gaps  of  the  Joints  themselves 
is  the  main  problem,  (ienerally  you  have  almost  20  to  1 less  shielding  factor  in  the  a.xial 
direction  than  in  the  transverse  direction. 

The  other  improvement.  I feel,  is  that  the  fiat  plane  of  an  oilcan-like  end  is  subject 
to  much  strain  and  this  degrades  the  shield  very  much. 

So.  by  eliminating  the  sharp  corners  and  keeping  a radius  of  curvature,  you  have  a 
far  more  structurally  acceptable  configuration.  Just  handling  these  things,  it  is  obvious 
that  the  thing  is  really  quite  strong.  So  that  was  why  we  tried  it. 

Of  course,  the  next  game  is  how  do  you  make  the  field  uniform  inside,  and  this  is 
the  real  (]uestion. 

DR  RAMSEY:  In  fact,  one  of  the  things  I found  very  pleasing  and  impressive  were 
the  actual  large  number  of  new  improvements  that  have  come  within,  or  even  new  ideas 
for  improvements  that  have  been  coming  in  the  whole  field  within  roughly  the  last  couple 
of  years. 

You  might  think  it  would  he  by  now  saturated.  I think  it  is  apparent  from  the  dis- 
cussion there  are  really  quite  a number  of  these. 

.My  own  belief  is  that  this  gives  a lot  of  mutual  stimulation  to  each  other.  In  i,-  in\ 
cases  I think  they  can  be  adopted. 

F or  example,  in  the  case  of  the  passive  hydrogen  maser  which.  1 think,  is  a very 
valuable  development  to  have.  I think  many  of  the  advantages  you  get  from  that  can 
indeed  be  taken  over  in  the  other  and  likewise  in  the  vice  versa  direction. 

I here  are.  however,  still  some  very  real  differences.  I think  time  will  tell  which  is 
the  best.  Hut  I think  whichever  proves  to  be  best  in  the  long  run,  I think  that  the  develop- 
ment of  each  will  be  extremely  valuable  because  of  the  particular  features  pushed  one 
system  versus  another  and  then  recognizing  the  value  of  that.  F'requently  you  can  do  the 
equivalent  thing,  a good  example  being.  I think,  the  much  greater  planning  of  use  of 
various  automatic  tuning  techniques. 

You  get  some  advantages  doing  it  with  this,  if  you  do  it  you  can  get  many  of  these 
advantages  back  in  the  passive,  in  the  active  maser. 

DR.  WALLS.  Well,  in  the  passive  maser  it  is  clear  it  will  not  be  a good  device  from, 
say.  ten  to  a thousand  seconds  because  it  comes  down  as  square  root  of  Tan  because  it 
IS  incoherent. 

.So,  I don’t  think  it  will  be  useful  in  the  short  term  as  phase-  comparisons,  for  example, 
as  the  active  masers  have  done  exceptionally  well.  Hut  in  the  long  term  for  a stand-alone 
system  where  you  are  not  able  to  do  auto  tuning  against  another  hydrogen  maser,  and 
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with  the  present  limitations  we  have  on  quartz  crystals,  I think  that  the  passive  system 
will  do  much  better  because  of  the  active  control,  and  you  can  make  the  storage  time 
very,  very  long  because  you  don’t  have  to  oscillate. 

.So,  you  can  run  down  the  storage  times,  you  get  so  little  power  out  it  iloesn’t  oscil- 
late so  you  have  a narrow  line,  cavity  pulling  goes  down. 

DR.  CRAMPTON:  Just  a minor  point,  as  a diagnostic  tool  since  you  can  make 
measurements  now  with  very  much  greater  atom  confinement,  then  you  have  a chance 
to  look  at  surface  properties,  relaxation  on  the  surfaces. 

DR.  REINHARDT;  One  comment  I would  like  to  make  is  that  I think  the  real 
power,  the  passive  technique,  is  that  it  frees  you  from  geometry  limitation.s.  I think  where 
it  will  really  pay  off  is  in  terms  of  variable  volume  masers  and  experimental  devices  which, 
since  you  have  the  stability,  you  have  demonstrated,  you  can  build  it  any  size  or  shape 
you  want  and  not  worry  about  oscillation. 

You  don’t  need  two  cavities,  you  don’t  need  the  amplifier  in  between.  For  any  of 
these  masers,  for  example  the  Concertina  maser,  the  external  bulb  maser,  where  I showed 
we  were  pushing  the  limit  of  filling  factor  we  can  use  the  same  technique  here. 

I think  it  should  always  be  kept  in  mind  it  is  sort  of  an  ace-in-the-hole  that  you  have, 
it  our  external  bulb  maser  doesn’t  oscillate,  we  can  always  use  it  as  a passive  maser. 

DR.  VESSOT:  We  shouldn’t  be  too  mesmerized  by  the  concept  of  a single  stand- 
alone maser,  1 think  anyone  who  relies  on  one  clock  is  on  terribly  dangerous  ground.  In 
tact,  even  the  British  .Navy  in  its  early  days  would  never  sail  without  three  chronometers 
on  board  if  they  were  serious  about  getting  there,  and  they  were. 

But  to  acquire  more  than  one  maser.  I realize,  may  be  a terrible  economic  problem. 

DR.  R.A.MSEY : How  many  masers  did  you  have  in  your  shot  that  went  up  in  the  air 
that  you  used  for  testing  relativity? 

( Laughter. ) 

DR.  VESSO'I ; That  was  a budget  constraint.  We  had  more  than  one  on  the  ground, 
however.  That  was  a constraint  we  were  not  in  favor  of,  but  nonetheless  had  to  live  with. 

DR.  RA.MSEY;  I think,  though,  there  are  many  instances  when  you  will,  in  fact,  have 
that  constraint  for  one  reason  or  another,  so  1 think  there  are  real  advantages  to  having 
them  both  do  well  alone  and  do  well  the  other  way. 

DR.  REINHARDT:  One  comment,  there  has  been  some  comments  about  the  reli- 
ability of  masers  but  the  masers  proved  more  reliable  than  the  tracking  stations  in  this  case. 

DR.  VESSOT:  1 am  glad  you  said  that  because  you  guys  at  C.SF'C  ran  the  tracking 
stations.  I would  like  to  investigate  the  past  history  of  some  eciuipment  including  the 
individual  characteristics  of  a certain  circuit  breaker.  But  1 must  say  the  people  who  ran 
the  station  were  able  to  find  that  circuit  breaker  in  one  minute,  eight  seconds  from  the 
tune  it  triptx’d,  which  I think  is  a track  record  considering  the  number  of  circuit  breakers 
involved  in  the  very  complicated  station 

MR.  PETERS:  I wanted  to  comment  first  on  the  magnetic  shielding. 
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One  ot  the  thm}:s  evenone  has  observed  in  early  liydrogen  masers,  those  with  very 
large  lioles  in  the  shields,  is  that  tliey  have  verv  large  inhomogetieity  and  re(|uire  trim 
eoils  and  si>  forth. 

As  we  have  experimented  with  masc'rs.  smaller  and  smaller  holes  in  them,  it  appears 
nu>st  ol  the  inhomogeneity  is  due  to  the  large  holes  in  the  shields. 

In  the  later  masers  whieh  we  have  we  do  not  even  need  trim  eoils.  I'hey  have  no 
elTeet  upon  the  alnlity  to  go  to  low  fields,  and,  of  course,  this  also  implies  a terrific  im- 
provement  m the  inhomogeneity  when  you  have  small  holes  in  your  magnetic  shields. 

It  gcx's  as  a very  strong  power  as  the  distance  from  the  bulb  to  the  shields  and  1 think 
this  is  probably,  in  the  practical  world,  assuming  you  have  enough  shields  outsiile.  in- 
homogeneity is  more  important  than  any  fact  of  life,  in  magnetic  shielding. 

I did  have  one  other  comment,  but  it  is  not  directly  related  to  magnetic  shielding. 
Several  people  have  mentioned  film  used  in  hydrogen  maser.  Tellon  lilm,  it’s  been  used 
m the  big  box  maser,  it’s  used  in  several  conceptions  of  the  Tl:  I 1 mode  maser  and  used 
m the  variable  volume  maser. 

1 think  one  of  the  most  exciting  things  and  it  hasn’t  been  really  documented  or 
published,  but  it’s  becoming  so  well  known,  I would  like  to  mention  at  this  time,  and 
because  it  is  being  used  in  a hydrogen  maser  design  which  hasn’t  been  published  1 would 
like  to  mention  it  because  what  is  so  exciting  in  conjunction  with  the  measurements  on 
wall  shift  which  Victor  Reinhardt  has  made  is  that  the  film  material  can  lx-  made  into  a 
bulb,  a cylindrical  bulb.  I'his  has  been  actually  measured  at  (ioddard  .Space  Flight  Center 
originally  riglit  after  the  variable  volume.  Concertina  maser  was  first  designed,  what  has 
been  measured  is  that  the  pulling,  due  to  a one-mil  Tellon  cylindrical  bulb  is  about  300 
kilocycles. 

I bis  is  a factor  of  200  less  than  the  pulling  due  to  a (juart/.  bulb.  If  one  designs  a 
maser  where  the  thin  bulb  is  at  the  peak  of  the  Ressel  function  for  the  electromagnetic 
fiekl  in  the  cavity,  you  can  reduce  further  any  geometrical  variations  due  to  a film  by  at 
least  a factor  of  a hundred  if  you  calculate  the  slopes. 

So  one  can  get  on  the  order  of  ten  to  the  fourth  less  pulling  and  less  perturbation  due 
to  a film  bulb  in  a maser  than  you  can  with  a quart/,  bulb. 

Of  course,  this  is  a very  gocxl  solution  to  dialetric  pulling,  and  thermal  effects  and 
things  like  that.  There  was  one  other  point  in  conjunction  with  a factor  of  four  or  less 
wall  shift  as  measured  by  Victor  recently  and  this  is  quite  exciting  as  it  bears  upon  one 
aspect  of  wall  shifts  which  has  seemed  possible  to  me.  There  is  a good  chance  that  much 
of  the  wall  shift  is  not  due  to  the  Tellon  molecule  chain  or  due  to  interactions  itsell  as 
such,  but  tlue  to  impurities  in  the  material  or  exposure  of  the  wall  through  the  Tellon  film. 

This  tends  to  support  this  conjecture,  also  lends  credence  to  the  possibility  of  achiev- 
ing much  longer  storage  times  with  a film  bulb.  Hopefully  a homogeneous  bulb  migtit  have 
much  more  uniform  properties,  certainly  than  a sintered  on  material. 

So,  1 think  this  is  an  exciting  development  and  can  possibly  contribute  to  a good 
factor  of  improvement  m hydrogen  masers  whether  they  be  passive,  TF 1 1 1 or  Tf'Ol  I and  i 
am  still  somewhat  in  favor  of  a TFOl  1 maser  at  the  moment  but  that  may  change. 

DR  REINHARDT:  I would  like  to  make  one  comment  on  the  film  bulb. 

What  is  also  very  exciting  about  this  is  that  because  the  pulling  is  so  much  smaller  you 
eliminate  one  of  the  big  prcxluction  problems  with  hydrogen  masers,  that  is,  you  can  t get 
the  quart/  bulbs  reproduced  well  enough  so  you  have  to  do  some  last  minute  trimming  on 
the  cavities. 
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f rom  Harry's  calculations  it  looks  like  if  you  could  hold  the  tolerances  on  machin- 
ing tor  these  cavities,  there  is  no  reason  why  you  couldn’t  spit  these  cavities  out  one  after 
anodier  atid  just  put  tlic  hu/hs  in  and  tu)t  worry  about  trinifning  t/iem  up  after  tlie  fact. 

MR.  PhTERS:  It  is  also  very  light,  whereas  cjuartz  weiglis  800  grams,  this  weigJis 
less  than  a gram:  it  is  very  applicable  to  lightweight  hydrogen  masers. 

DR.  R.AMSEY:  Other  comments  or  questions  from  one  panel  member  to  another'.' 
Including  to  himself. 

DR.  DES.AINTFUSCIEN:  1 would  like  to  make  a comment  about,  “The  warped 
shape  is  not  due  to  Tenon."  I'm  not  sure  you  are  riglit.  I found  that  Tellon  on  wall 
shift  closed  area  at  |x-ak  temperature  range.  Perhaps  it  is  due  to  impurity,  but  it  is  a 
property  of  the  Tellon. 

DR.  WALLS;  I think  that  is  fairly  clear  from  measurements  that  have  been  made 
that  show  that  phase  transitions  in  the  Tellon  are  related  to  changes  in  slope,  in  rela.xa- 
tion.  m other  things.  So  I think  that  is  fairly  clear,  that  Teflon  has  to  play  a role  with 
perhaps  a major  portion  of  it.  but  not  all  of  it. 

DR.  VESSOT:  1 would  like  to  strengthen  Dr.  Desaint fuscien’s  argument,  by  saying 
that  every  measurement  we  have  made  of  wall  relaxation  seems  to  come  out  to  be  about 
(i  \ 10  to  the  minus  5 probability  of  loss  per  collision  at  the  temperature  we  operate, 
which  is  dangerously  close  to  the  data  you  get.  It’s  c]uite  independent  taken  on  many 
separate  instances. 

So.  I believe  the  properties  of  Tellon  intrinsically  are  what  are  governing.  I his 
doesn’t  say  the  end  groups  of  Teflon  cannot  be  considered  a property  of  the  Tellon,  but 
if  you  consider  that  to  be  impurity,  1 think  you  have  to  define  pretty  well  what  the 
Tellon  really  is  in  the  first  place.  I wouldn’t  be  surprised  if  the  end  group  did  contribute, 
and  the  thought  now  is  to  polymerize  the  material  in  place. 

I here  is  even  the  remote  possibility  - and  this  is  really  very  remote  - that  the  Tellon 
could  be  made  without  end  groups,  by  simply  joining  the  things  into  hoops  so  they  would 
be  like  Spaglietti-O’s  and  lie  on  the  surface  in  some  random  manner  like  a pile  of  rubber 
inner  tubes  all  over  the  place  on  a garage  floor. 

DR.  REINH.ARDT;  One  comment  I would  like  to  add  to  that  is  that  in  the  type  L 
film  we  use  to  make  these  measurements  - tlie  principal  difference  between  it  and  EEP 
lilm  Is  the  higher  molecular  weiglit,  so  there  are  fewer  end  groups.  The  correlation  with 
the  change  of  state,  if  it  is  due  in  fact  to  the  end,  or  impurities,  could  correlate  with 
dimensional  changes  in  the  latter  that  occur. 

You  cmild  expose  mom  or  less  of  the  chains  or  spread  the  ends  out  as  you  change  the 
density  of  the  leflon,  rather  than  a direct  effect  of  the  I'ellon  itself. 

DR.  C R AMP70N;  Looking  ahead  a little  bit  to  things  that  don’t  work  yet  but  might 
work  in  the  future  in  that  line,  it  seems  to  me  possible,  with  variable  temperature  of 
hydrogen  masers  like  the  one  developed  at  Orsay,  to  look  at  i|uite  different  kinds  of  wall 
coating  materials.  After  all.  the  length  of  tlie  leflon  chain  doesn’t  do  you  any  good  ex- 
cept to  help  the  thing  lie  down  on  the  wall. 
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riierc  arc  some  advantages  to  going  to  other  kinds  of  materials  wliich  you  can’t  form 
into  walls  unless  \'ou  go  to  low'er  temperatures.  We  are  w'orking  on  this  ourselves,  and  I’m 
sure  there  may  he  some  work  like  that  it  Orsay  where  they  have  already  a low-temperature 
hydrogen  maser. 

DR.  RAMSFY : Are  there  any  other  questions  that  members  of  the  panel  want  to 
aildress  to  each  other'.’ 

MR.  PFTFRS:  It  miglit  be  worth  mentioning,  since  all  the  masers  which  have  been 
described.  1 think,  today,  and  mostly  in  the  past,  have  used  hexapolar  state  selectors, 
which  are  ideal  when  you  have  maximum  efficiency  of  the  state  selector  is  far  from  the 
bulb,  that  the  latest  designs  at  fioddard  have  used  cpiadnipole  state  selector. 

Under  certain  ciaumstances  these*  have  a very  great  advantage.  For  example,  when 
you  have  small  holes  in  your  magnetic  shields,  and  you  can  put  the  state  selector  within 
two  or  three  inches  of  the  bulb  itself  (it’s  five  inches  in  some  of  the  NASA  masers  that 
have  already  been  built  > without  any  disturbance  you  can  measure.  The  atoms  captured 
an  a ipiadripole  state  selector  nearly  all  enter  the  bulb  due  to  the  geometry'. 

So  you  don’t  need  to  worry  about  exact  focusing,  as  happens  in  a hexapolar  state 
selector. 

A cjuadripolar  state  selector  as  designed,  has  much  greater  pumping  speed  sideways 
from  the  pole  tips  Ix-cause  ol  their  design,  but  most  important  there  is  at  least  a 20-percent 
improvement  in  the  peak  magnetic  field. 

But  more  significant  than  that,  particularly  for  small  si/.e  fiydrogen  masc*rs.  is  not  the 
focusing  properties  but  the  defocusing  pro(x*rties.  In  a hexapolar  state  selector,  the  mag- 
netic field  and  gradient  gix*s  to  zero  as  you  go  to  the  center  of  the  fexusing  magnet.  In  a 
quadripole  it  is  a constant  Irom  the  center  out. 

riierefore.  you  have  an  exit  angle,  you  are  defocusing  the  wrong  state  atoms,  very 
strongly  , w hereas  if  you  put  the  source  and  state  selector  close  to  the  bulb  with  a hexapolar 
system  you  can  get  a significant  proportion  of  other  state  atoms  into  the  bulb  with  that 
particular  geometry. 

So.  for  small  hydrogen  masers  we  do  have  extremely  high  efficiency  in  utili/.ation  of 
the  hydrogen  due  to  going  close  to  the  bulb,  but  a ipiadriptile  state  selector  is  very  desirable 
under  those  conditions. 

DR.  RA.MSFY:  Well,  1 think  it’s  becoming  apparent  that  the  members  of  the  panel 
can  keep  going  until  12;.M)  just  questioning  and  making  comments  amongst  each  other. 

I think  maybe  I would  like  to  summari/e  my  own  personal  view  in  reaction  to  the  meeting 
this  morning  and.  in  fact,  in  contrast  to  some  meetings  that  have  oecurred  in  the  past. 

I am  just  terribly  impressed  by  the  sort  of  amount  of  fertile  developments  that  are 
going  on  in  the  field  from  all  sides;  also,  particularly  impressed  by  the  extent  to  which  most 
of  these  can  be  taken  from  one  to  another.  I mean,  each  of  the  kinds  ol  masers,  or  passive 
and  active,  each  have  certain  features,  each  I think  can  benefit  from  some  of  the  improve- 
ments that  have  occurred  in  the  other. 

1 think  there  is  great  optimism  of  considerably  and  very  marked  improvement  in  the 
period  to  come  and  also  shows  the  benefit  of  the  fair  number  of  people  working  on  it. 

1 think  most  members  of  the  panel  probably  agree  on  this,  so  we  can  end  on  a statement 
with  which  we  can  all  agree,  and  I think  at  this  stage  we  should  throw  the  discussion  open. 

Actually,  one  riuestion  was  submitted  in  advance.  Dr.  Reder  would  like  to  ask  a 
question,  so  to  make  sure  he  has  not  forgotten,  1 would  like  to  call  on  him  as  the  first 
(1  lie  St  ion. 


“Considering  expected  ‘mean  time  belore  failure’  cost,  status  of  cesium  tech- 
niiiues,  environmental  effects  and  mquiRMnents,  what  is  the  justification  for  large  H maser 
effort'.’” 

DR.  RtlNH.\RDT:  1 will  slick  my  neck  out  a little  on  this  one.  As  Dr.  Reder  knows, 
we  did  pa'senl  some  data  on  mean  time  between  failure  with  the  NASA  NP  masers  which 
kKiked  ciuile  favorable  and  compared  (luite  favorably  with  the  cesium  standards. 

I think  the  justification  for  expenditure  is  really  that  H masers,  in  certain  ranges  of 
time  intervals,  can  outperform  cesium  masers  in  terms  of  stability.  Obviously,  cesium 
standards  are  smaller.  Right  now  they  are  cheaper.  You  can  buy  them  off  the  shelf  as 
production  items;  hydrogen  masers  you  still  can’t.  Price  migfit  get  lower  if  produced  on 
a production  level. 

But  in  terms  of  short-tenn  stability,  I think  the  VLBl  people  show  that  they  just 
can't  do  with  anything  but  H masers.  I think  for  long-term  stability,  too,  because  of  the 
smaller  line  width,  that  they  will  outperform  cesium. 

I have  heard  a lot  of  comments  about  hydrogen  masers  with  poor  long-term  stability, 
but  JPL  has  demonstrated  1 x 10’''*  stability,  out  to  10*  seconds. 

I have  not  seen  commercial  cesium  standard  which  will  do  this.  That  competes 
favorably  with  the  Ix'st  laboratory  cesiums  at  NBS  or  the  other  national  labs,  and  on  full 
ensembles  where  the  cost  is  cpiite  comparable.  So  1 think  in  terms  of  a cost-to-performance 
ratio,  that  justifies  the  expenditure. 

Does  that  somewhat  answer  your  question'.’ 

DR.  REDER:  Well,  1 wonder,  is  there  anyone  here  from  the  cesium  manufacturers 
who  would  like  to  say  something? 

DR.  RAMSEY;  There  is  a question  there. 

DR.  C.  COSTAIN:  This  is  not  exactly  in  the  line  of  Dr.  Reder’s  comments,  and  1 
also  would  like  to  question  the  fact  that  cesium  standards  are  always  smaller. 

But  one  of  the  things  that  worried  me  in  the  presentations,  with  rare  exceptions  was, 
it  seemed  to  me,  a complete  lack  of  indexing  in  the  measua*ments.  In  fact,  a stability 
measurement  of  parts  in  10  to  the  15,  1 question  what  is  it  against.  We  have  measured  a 
pair  of  hydrogen  masers  independent  with  autotiiner  will  keep  time  to  a nanosecond  a 
week,  but  we  know  in  comparison  with  our  primary  standards  that  they  were  both  drift- 
ing several  nanoseconds  a day. 

We  have  measured  it.  it  doesn’t  say  it  happens  in  all  H masers,  but  we  have  on  one 
of  ours  very  carefully  indexed  data  over  1 8 months  giving  six  parts  in  10  to  the  1 3.  decrease 
in  frequency  per  year,  about  two  parts  in  10  to  the  1 5 per  day.  monatomic  drop.  We  don’t 
really  know  why. 

Over  five  years  it  has  been  thme  parts  in  10  to  the  1 2. 

DR.  VESSOT:  I understand,  Cecil,  what  you  are  saying.  We  agree  the  hydrogen  maser 
in  fact  has  some  intrinsic  long-term  effect  with  the  bulb.  You  have  seen  it.  I think,  very 
vividly,  and  I think  the  causes  that  give  yours  the  magnitude  you  have  are  probably  well 
understocxl  by  you. 

1 think  it’s  a question  of  how  they  are  built  and  how  they  arc  outgassed  to  avoid  con- 
taminations that  lead  to  whatever  is  going  on  in  the  bulb.  This  long-tenn  effect.  1 believe, 
is  real  and  I understand  that  Dr.  Winkler  has  also  observed  it. 
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So,  as  tar  as  long-term  stability,  1,  too.  question  the  accuracy  over  a period  of  time  in 
the  order  of  years.  1 believe  we  will  have  a systematic  change.  No  amount  of  autotuning 
or  massaging  is  going  to  change  that.  That  is  a property  of  the  interaction  of  the  bulb  and 
hydrogen  atom. 

As  far  as  the  other  question  of  having  the  masers  in  different  environments,  J believe 
there  have  been  enough  e.xperiments  between  masers  to  say  that  the  systematics  between 
one  environment  and  another,  I believe,  have  been  removed. 

I don’t  want  to  steal  Alan  Rogers'  thunder,  but  there  are  enough  tests,  I think,  that 
say  it’s  unlikely  that  in  the  10^  to  the  10^  second  domain  we  are  dealing  with  correlated 
phenomena.  In  the  very  long  term.  yes.  I think  deHnitely  that  the  wall  coating  is  going 
to  have  some  effect,  and  we’d  better  learn  to  either  cope  with  it.  eliminate  it,  or  live  with  it. 

DR.  REINHARDT:  I would  just  like  to  comment  on  the  last  statement  before  we 
move  on  to  a question. 

1 think  the  wall  shift  drift  or  change  is  a limitation,  but  1 think  that  is  where  the 
importance  of  the  variable  volume  maser  comes  in.  All  the  other  parameters  are  evaluat- 
able  m the  hydrogen  maser  as  in  primary  cesium.  The  wall  shift  was  the  last  one. 

In  fact,  at  NASA  we  are  planning  to  do  three-  or  four-year  experiments  where  we  will 
continuously  evaluate  our  field  masers  with  the  Concertina  maser  on  the  part  in  10  to  the 
14  level. 

But  one  other  thing  I would  like  to  comment  about  this  wall  shift  drifting  with  time 
is  that  Harry  Peters  did  do  a three-year  experiment  in  which  he  did  measure  several  masers 
against  each  other  and  TAl  and  found  they  reproduced  over  three  years  to  within  two  parts 
in  10  to  the  13.  The  resolution  there  is  limited  by  what  happened  to  l Al  in  two  years.  I 
think  that  is  probably  a question  that  has  to  be  answered. 

It’s  the  same  problem  you  get  when  you  evaluate  a primary  standard.  At  a certain 
point,  you  have  to  use  theory  to  make  evaluations.  You  cannot  just  build  two  identical 
standards  and  put  them  at  separate  parts  of  the  world.  You  shoidd,  as  a check,  but  \ ou 
must  rely  on  theory  at  a certain  level. 

The  problem  that  you  always  encounter  when  you  build  the  most  stable  standard: 
What  are  you  going  to  measure  it  against? 

MR.  PETERS:  It  seems  to  me  that  the  wall  shift  drift  with  time  is  a problem  of 
atomic  contamination,  which  is  not  necessarily  inherent.  It’s  a function  of  the  design. 

DR.  RAMSEY:  May  I make  one  comment,  too?  I think  some  of  these  new  proposed 
designs,  for  example,  being  able  to  use  less  beam  intensity  can  affect  this  problem,  which 
has  been  a relatively  new  one. 

DR.  WALLS:  I think  that  is  very  clear.  We.  in  the  jxist.  have  not  had  a chance  to 
measure  hydrogen  masers  against  the  uniform  time  scale  that  was  sufficiently  smooth  that 
we  could  evaluate  these  things  down  to  a part  in  lO'^.  As  we  get  better  time  scales,  and 
have  more  experience,  and  look  at  aging  (perhaps  of  the  wall  shift  if  it  is  real  as  a function 
of  temperature)  as  a function  of  cleanliness  and  other  things,  we  will  have  a chance  to 
evaluate  it. 

In  order  to  do  so,  it’s  imperative  that  we  have  a smooth  time  scale  that  we  all  agree 
on  that  we  can  make  measurements  against. 

So,  I would  like  to  encourage  everyone  here  and  in  the  audience  that  hydrogen  masers 
that  are  run  for  a long  lime  be  reported  and  referenced  against  l AI  so  we  can  try  and  start 
to  make  a time  scale  which  is  quite  smooth. 


riio  other  comment  is  that  ttie  measurements  in  lon{!-term  have  been  made  with  the 
active  masers,  anil  Victor  Keinhardt.  I tliink  showed  rather  nicely  that  even  with  auto- 
timing  there  is  an  otTset  which  is  proportional  to  the  drill  of  the  maser  over  the  attack 
time  of  the  autotuninp  loop,  whereas  with  the  passive  maser  we  can.  in  principal,  make 
the  attack  time  not  1000  seconds,  as  it  often  is  in  the  active  masers,  hut  a millisecond. 

( urrently.  we  are  nmninp  at  1 0 seconds.  And  across  S days  or  1 4 days  one  has  only 
a limited  amount  of  data  and  one  shouldn't  stick  his  neck  out.  But  I think  we  can  still 
say  the  drift  is  exceptionally  small  in  our  present  prototype,  and  I think  we  will  find  it 
even  smaller. 

I)K.  RAMSEY:  I think  Dr.  Winkler  has  been  tryinj!  to  get  the  floor  back  there. 

DR.  WINKLER:  I would  like  to  continue  the  discussion  with  Mr.  Reinhardt. 

^'ou  gave  as  justif  ication  for  the  massive  effort  and  support  for  II  maser  work  that  it 
outperforms  cesium  standards  in  a large  range  of  talents,  and  I think  that  is  a very  valid 
argument,  and  I completely  accept  it. 

But  how  about  the  superconducting  cavity  masers  which  outperform  the  II  masers 
in  the  same  region'.’  Are  we  giving  commensurate  support  to  that  effort? 

DR.  REINHARDT:  One  statement  1 want  to  make:  I agree  with  you,  and  I think 
superconducting  cavities  should  be  supported. 

f-'irst  of  all.  I would  like  to  say  I don’t  think  their  is  massive  support  for  hydrogen 
masers.  If  you  look  at  the  support  for  cesium  over  the  years,  it  would  be  comparable. 

Mow  much  is  the  support  in  rubidium  in  dollars  all  commercial  labs  produce?  There  are 
still  only  a few  labs  in  the  country  doing  work  on  hydrogen.  You  have  got  them  all  here. 

Another  comment  on  the  superconducting  cavities:  Yes,  I think  a lot  of  support 
should  go  into  that,  but  the  superconducting  cavity  has  a basic  limitation,  that  it’s  no 
good  as  a primary  standard.  It's  still  just  basically  like  a crystal.  It  relies  on  dimensional 
stability  and  you  cannot  use  it  as  a primary  standard. 

1 think  with  the  variable  volume  technii|ues  you  have  the  possibility  of  getting  a 
primary  standard  with  part  in  10  to  the  14  level  accuracy. 

DR.  VESSOT:  The  point  about  aging  in  the  case  of  walls  is  that  it  is  i]uite  likely  iiiey 
will  age  of  themselves  in  that  if  we  put  a material  down  that  is  basically  amorphous,  I see 
no  reason  why.  in  time,  it  couldn’t  crystali/e. 

The  question  is  what  happens  to  the  wallshift  during  this  process.  I don’t  think  we 
know.  We  do  know,  however,  tliat  there  is  a difference  between  amorphous  and  crystalized 
teflon  and  that  it  is  substantial, 

■So  maybe  the  tiling  we  ought  to  do  to  get  out  the  aging  is  to  have  tfie  Teflon  in  the 
least  energy  condition  which  is  to  have  it  in  crystali/ed  form. 

Ihe  other  thing  1 believe  is  quite  important  is  that  ultraviolet  light,  however  it  gets 
into  tlie  bulb,  can  be  quite  dangerous  to  ttie  tetlon;  and  we  all  know  tfiat  the  molecular 
binding  energy  is  well  below  I 2 1 b angstrom  the  principal  U V.  component  from  the 
hydrogen  dissociator. 

So  I suggest  maybe  we  should  use  the  stopping  disc  as  an  ultraviolet  dodger. 

MR.  PETERS;  If  I may  just  say  one  sentence,  it  is  not  as  interesting  as  relativity  which 
I am  also  interested  in;  but  I think  there  is  a misconception  when  you  speak  of  ultraviolet 
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light  interacting  with  the  bulb  from  the  source,  because  the  area  which  it  hits  is  less  than 
a part  in  1 0 to  the  4th. 

If  you  change  the  entire  wall  shift  by  that  fraction,  the  total  effect  could  be  no  more 
than  a part  in  10  to  the  1 5 so  1 don’t  believe  it  is  really  a serious  consideration  whatsoever. 

DR.  VESSOT:  It  can  be  retlected, however,  and  the  deterioration  occurs  at  the  place 
where  the  atoms  first  bounce. 

MR.  RUEGER:  Rueger  from  Johns  Hopkins. 

! would  like  to  pose  a question  to  the  general  panel  of  how  we  can  make  intercom- 
parative measurements  of  the  various  designs  so  we  will  know  where  we  stand  with  who  is 
doing  the  best  job  in  the  various  environmental  effects  and  in  the  overall  performance. 

I wanted  to  pose  the  question  to  the  panel  of  how  we  might  intercompare  these 
various  standards  insofar  as  their  sensitivities  to  environmental  effects  and  other  parameters 
that  might  let  us  understand  better  how  each  is  working  and  where  it  is  working  best. 

DR.  RAMSEY:  1 will  make  an  initial  comment  on  that  one  which  is  1 think  indeed 
these  kinds  of  comparisons  are  coming  forward  and  should  be  coming  forward  fairly  soon. 

I think  one  of  the  reflections  of  the  fairly  small  amount  of  support  that  has  been  available 
up  until  the  recent  period  of  time  is  that  here  haven’t  been  many  masers  for  which  there 
could  be  these  intercomparisons. 

It  is  only  in  the  last  period  of  time  they  were  there. 

We  at  Harvard  have  indeed  had  some,  but  also  had  to  do  everything  with  graduate 
students  who  were  also  looking  at  thesis  and  certainly  weren’t  primarily  directing  them- 
selves towards  intercomparisons  of  this  nature. 

I think  now  with  the  various  organizations  that  are  developing,  I think  there  will  be 
many  such  standards  on  a high  quality  and  you  can  really  find  out  what  this  is. 

I guess  the  answer  is  they  should  be  indeed  intercomparing  and  getting  together  with 
the  intercomparison  people. 

DR.  REINHARDT : At  NASA  we  are  going  to  be  getting  a frequency  standard  and 
test  facility  so  we  can  make  this  kind  of  long-term  test  comparison. 

I think  one  of  the  problems  in  the  past  is  that  since  BIH  needs  long-term  data  with- 
out interruption  and  we  are  limited  in  the  number  of  masers,  we  Just  can’t  leave  them  alone 
for  two  or  three  years;  we  haven’t  been  able  to  do  this. 

But  at  NASA  we  hope  we  are  going  to  have  a three-year  or  more  experiment  on  long- 
term stability  in  conjunction  with  the  Concertina  masers  and  hope  to  contact  you  some- 
time in  the  future  about  reporting  our  data  to  the  TAl. 

DR.  VESSOT:  That  is  a role  for  the  Bureau  of  Standards  and  these  people  ought  to  be 
the  arbitrators  of  whatever  happens.  They  have  done  so  in  the  past,  and  should  continue. 

DR.  WALLS:  We  hope  to  get  two  of  the  passive  design  hydrogen  masers  on  our  time 
scale  within  the  next  year  or  a little  more.  And  so  we  fully  intend  to  do  that.  But  it  has 
been  really  a limit  in  terms  of  funds. 

We  haven’t  had  funds  in  the  past  to  make  hydrogen  masers,  but  developmental  work 
had  to  be  done  on  some  new  concepts. 
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We  woukl  like  very  much  to  have  masers  from  other  laboratories  come  to  our  place 
ami  sit  m a quiet  corner  ami  let  us  make  measurements,  hut  they  haven’t  been  offered 
because  they  weren’t  available.  And  we  haven’t  had  the  money  to  purchase  them. 

Perhaps  that  is  something  that  ought  to  be  taken  care  of. 

DR.  CLARK:  A comment  to  (Jernot’s  (juestion  earlier  and  in  part  e.xlend  that  to 
another  question  that  may  impact  a little  on  our  thinking  of  the  user’s  standpoint  this 
atferm)on. 

Much  ot  the  dollars  that  have  gone  into  H maser  work  is  because  various  users  have 
required  H masers  now  in  order  to  be  able  to  ilo  their  program,  fracking  networks,  the 
astronomies  community,  they  need  these  things  now.  It  is  not  we  neetl  the  boxes  five 
or  ten  years  from  now  after  additional  research  goes  on  ami  another  technic|ue  to  find 
out  which  one  of  those  two  ends  up  being  the  best. 

Much  of  the  driving  force,  because  of  that  other  funding,  has  been  to  get  some  of 
these  masers  out  to  certain  of  the  critical  stations  to  do  these  various  semioperational  or 
R&D  programs  that  are  being  done  at  those  stations.  Because  that  is  the  place  where  most 
of  these  masers  are  in  fact  now  located,  and  techniques  like  very  long  baseline  interfer- 
ometry'. offer  good  intercomparison  techniques  for  comparing  frequency  standards  which 
may  be  located  around  the  world,  there  exists  the  possibility  of  using  the  VLBI  technique 
as  part  of  the  intercomparison  which  should  be  then  fed  into  the  Bill. 

So  this  is  a place  where  I think  this  morning’s  discussion  and  this  afternoon’s  discus- 
sion really  overlap.  As  one  of  the  users,  to  be  armed  for  this  afternoon.  1 would  like  to 
ask  one  question,  though. 

We  find  even  hydrogen  masers  aren't  good  enough  for  many  of  the  things  we  are 
doing.  What  are  the  ultimate  liiiiitations  on  frequency  standarils'.’  f:ven  using  combination 
techniques  of  masers  and  the  cryogenic  cavities  or  some  of  the  adilitional  development 
work  that  is  going  on  in  the  laboratory  now,  what  stability  levels  from  the  one  second  out 
to  hundred  thousand  second  levels  can  we  exp>'ct  of  frecpiency  standard  performance  in 
the  next  five  years? 

DR.  RAMSEY:  I can  make  some  comments  on  it.  Others  might  want  to  make  some 

also. 

hirst  place.  1 think  as  far  as  the  stability,  certainly  one  limit  you  eventually  run  into 
in  most  devices  is  second  oriler  broadening  from  the  second  onier  Doppler  shift. 

This  sort  ot  comes  in  at  regions  of  parts  in  If)  to  the  l.'i  or  so  depending  on  how  ac- 
curately you  make  that  determination.  There  are  a couple  of  bright  ideas  that  may,  in 
principle  overcome  this  by  trapping  techniques  with  ions,  and  so-called  resonant  cooling. 

Maybe  Dave  would  want  to  speak  to  tliat  a bit  or  someone  else  here.  I think  these 
devices  are  down  to  that  limit  now.  1 think  there  are.  actually,  with  the  kinds  of  things 
that  are  currently  going  on  including  the  passive  maser,  I couUl  conceive  it  getting  down 
there. 

I think  for  the  shorter  periods  of  time,  it  is  quite  clear  that  it  is  hard  to  beat  power 
for  getting  stability.  I he  ideal  device  for  that  is  the  superconducting  cavity.  I think  this 
is  an  absolutely  superb  technique  for  the  short  period  of  time. 

At  one  time  I had  thought  about  ways  of  making  the  M maser  also  function  down 
there  by  having  beams  coming  in  from  all  sides,  huge  quantities  of  hydrogen  since  it  is  a 
matter  of  power.  It  is  clear  that  is  not  the  best  way  ami  I think  I would  agree  with  the 
comment  that  you  want  to  be  a little  specialized  with  what  you  want  to  need. 
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On  tiu.'  other  luml,  tor  loniier  pcriotls  of  time  it  is  my  impression,  and  it  is  reenforced 
by  the  iliscussions  atui  papers  presented  toilav . that  there  are  ciiiite  a larpe  number  of 
opportunities  for  maior  improvements  in  tlie  basic  active  and  passive  hydrogen  maser 
techniiiues  over  the  next  year  or  two  up  to  where  you  start  to  get  really  into  serious  prob- 
lems with  this  rather  fumlamental  limitation  that  affects  all  things,  lasers  and  everything 
else,  of  the  secmul  cuiler  Doppler  shift. 

DR  WALL.S:  let  me  amplify  the  ccmiments  of  Professor  Ramsey  slightly. 

In  short  term  it  really  is  a matter  of  power.  If  we  compare  the  II  maser  with,  say,  a 
line  w idth  of  one  hertz  and  a power  of  maybe  a 100  minus  85  ilbm  or  so.  10  to  the  minus 
1 1 watts,  witli  a superconducting  cavity  which  at  X band  has  also  a line  witith  of  about 
1 hertz,  but  its  power  is  a milliwatt  or  can  be  as  large  as  a milliwatt. 

So  you  can  beat  K1  a whole  lot  easier  and  one  might  expect  stabilities  in  the  10  to 
the  minus  Di  level  to  be  routine  from  perhaps  a few  seconds  out  to.  I don't  know,  a 
thousand  seconds  or  more. 

MR.  1).  VVINtL.AND;  A couple  questions,  on  hyilrogen. 

One  was  on  surface.  .As  I recall.  Professor  Ramsey  10  years  ago  talked  about  using 
ditferent  surfaces,  for  instance,  lithium  lluoride.  Maybe  some  comments  on  different 
surfaces  besiiles  Tetlon  can  be  made. 

The  other  (jiiestion  was  to  solicit  some  opinions  on  absolute  accuracy  of  hydrogen 
masers.  I presume  the  limitation  is  the  wall  shift.  And.  whatever  it  is,  maybe  some  com- 
ments on  what  future  accuracies  of  hydrogen  masers  could  be. 

DR.  VtSSOT:  Dave.  I think  the  limitation  is  less  likeK’  to  be  the  wall  shift  than  it 
IS  to  be  the  knowledge  of  the  absolute  temperature  of  the  atoms,  and  the  determination 
of  the  second  order  Doppler  shift. 

I think  the  wall  shift  problem  can  be  beat  into  the  grouiul  by  many,  many  techniques, 
some  of  which  we  have  seen. 

With  relation  to  the  (piestion  of  ultimate  stability.  I think  it  is  entirely  a question  of 
signal  to  noise.  I just  made  myself  a note,  you  coukl  couple  up  Niagara  Tails  to  a mon- 
strous magnetron  and  you  woulil  get  superb  stability,  very  short  term  to  be  sure. 

These  are  iiuestions  I don’t  think  have  an  answer  and  shouki  only  be  responded  to  in 
the  context  of  the  use  to  which  the  device  is  being  put.  In  my  opinion,  right  now  VI  Bl. 
as  Professor  Clark  mentioned,  has  a clear  and  pressing  need,  and  I don’t  think  we  could 
have  done  a redshift  experiment  over  two  hours  without  having  a device  that  would  de- 
velop stability  at  a time  substantially  shorter  than  two  hours. 

I really  think  if  you  shouki  look  at  the  application  aiul  then  decide  what  kind  of  an 
animal  you  are  going  to  need  in  order  to  cope  with  the  problem. 

DR.  ROGERS:  1 am  Allen  Rogers  from  Haystack  Observatory. 

I would  like  to  ask  tlie  panel  a (|uestion  about  having  a high  Hux  mode  in  the  masers 
which  would  not  necessarily  be  used  a high  fraction  of  the  time.  For  many,  many  applica- 
tions you  only  need  very  good  short-term  stability  for  a very  short  period,  like  maybe  a 
few  hours  experiment,  even,  which  might  be  carried  out.  say,  once  every  two  months,  or 
maybe  a couple  of  days,  say.  every  two  months.  Maybe  we  could  afford  to  have  a high 
flux  mode  that  we  coukl  use  for  special  experiments  without  impacting  the  lifetime  of  the 
maser. 


( ouki  you  comment  on  how  much  tlux  would  he  needed  to  nuke  the  maser  as  }!ood 
as  the  superconducting  cavity  oscillator  at  a ihousanil  seconds’  And  is  that  technicallv 
teasihle'’ 

l)K.  Vf  SSOT:  I can’t  answer  the  second  qviestion  hut  i believe  it  would  he  ditTicult 
to  get  at  I - 1 0 seconds. 

In  most  of  the  eciuiptnent  that  is  in  the  field,  certainly  in  the  case  of  tlie  ones  we 
have  produccil,  there  is  in  fact  a switch  with  two  settings  for  the  hydrogen  flux  level.  If 
you  neeil  the  stability  you  turn  up  the  wick,  and,  get  more  power  out, 

I don  t know  how  much  more  I'ower  you  would  need  in  a ma.ser  in  order  to  compete 
vMth  a cavity.  If  one  increases  power  output,  one  automatically  diminishes  line  width  so 
you  re  really  trading  off  short  term  stability  against  the  long  term  stability. 

It  IS  really  a ((uestion  of  how  long  do  you  want  to  integrate  the  correlations  that 
you  re  seeking,  and  what  level  of  stability  do  you  expect.  And  it  is  clearly  going  to  be 
some  kind  of  optimum  solution  for  each  kind  of  oscillator. 

DK.  K.AM.Sf-.Y:  .Also.  I think  it  is  an  excellent  suggestion,  and  typical  of  the  fact 
that  the  sort  ol  what  uvasers  that  have  been  handed  out  have  usually  been  incidental  to 
some  other  purpose. 

I think  you  certainly  could  do  even  more  explicitly  than  was  done,  maybe  by  accident 
in  some  of  your  masers,  by  making  an  adaptation  by  deliberate  design.  That  you  could, 
indeerl,  ailapt  them  to  have  a mode  which  could  be  pushed  to  the  most  favorable  in  that 
direction. 

My  impression  is  that  with  that,  and  for  periods  of  the  orders  of  thousands  of  seconds, 
this  could  be  reasonably  comparable  to  the  best  obtainable  with  the  others.  If  you  want 
it  on  the  other  hand  lor  periods  ot  a tenth  ot  a seconil,  it’s  got  to  be  a pretty  formidable 
switch. 

1 think  there,  there  is  no  (jiiestion  that  for  periods  of  time  on  the  order  of  tenths  of 
secorul  or  even  a second,  this  high  stability  ought  to  be  achievable  from  the  superconduct- 
ing cavity  or  m certain  cases  even  from  a copper  cavity,  that  has  a lot  of  power  too  and  for 
a short  enough  perir>d  v)l  lime,  can  be  a veiy  good  one. 

But  I think  your  piiint  is  excellent,  I think  people  who  are  particularly  planning 
things,  especially  for  some  of  the  uses  such  as  Haystack  where  I understand  full  well  the 
desirability  sometimes  for  quite  long-term  stability,  and  sometimes  for  sort  of  medium 
term  stability.  I think  you  could  ilo  a great  deal  by  making  the  design  bear  that  in  mind, 
and  I think  it  could  be  a more  multipurpose  tievice  without  .sacrifice. 


DK.  KLINH.ARDI  ; I would  just  like  to  aikl  my  comments  to  this. 

You  mention  the  100  to  1000  seconds  as  short  term.  But  I don’t  think  any  of  the 
masers  are  limited  by  that  kind  of  short-term  noise  that  could  be  decreased  by  increasing 
the  power  at  100  to  1000  secotuls. 

I he  Jl’l  maser  which  runs  at  tremeiulous  power  compared  to  ours  you  can  say  has 
comparable  results. 

1 think  you’re  limited  by  your  multipliers  chains,  and  other  things  in  that  range. 

You  wouldn’t  get  any  advantage  except,  as  Professor  Ramsey  pointed  out.  for  about 
a tenth  to  one  second. 

DK,  KA.MShY.  In  passing.  I think  there  could  indeed  be  a bit  of  extra  work  on  the 
electronics. 
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In  many  cases  the  electronics  has  hail  to  he  rifiyed  up  with  certain  limitations,  costs 
anil  otherw'ise.  in  minil. 

DR.  C K AMPTON:  I would  like  to  comment  on  these  questions  of  development  on 
the  one  hand  and  ultimate  obtainable  accuracy  on  the  other.  And  whether  it  will  be  pov 
sible  to  get  these  devices  together  to  see  who  is  doing  how  well. 

It  seems  to  me  that  the  development  effort  has  been,  at  some  places  that  have  been 
playing  with  them  for  the  physics,  namely  Harvard.  Williams,  and  a few  other  places. 

Beyond  that,  development  has  been  done  primarily  by  clock  people.  It  seems  to  me 
that  where  the  development  is  needed  is  in  between  there  where  people  are  willing  to  go 
back  and  work  more  with  the  basic  physics  of  how  you  make  a better  standard.  I think 
the  best  job  of  that  has  been  done  at  Orsay.  But  I think  the  elTort  is  needed  to  go  hack, 
and  lellon  is  terrible  stulf.  I think  more  work  needs  to  be  done  on  a basic  level.  Frankly, 
my  personal  view  is  that  that  kind  of  development  work  and  cross-comparison  of  how  well 
you  are  doing  ought  to  be  done  at  the  Bureau  of  Standards. 

DR.  R.A.MSLY:  .Again.  1 would  like  very  much  to  emphasi/e  this. 

I am  really  a very  great  believer  and  have  been  for  a long  time,  that  Tetlon  isn’t  neces- 
sarily the  best  substance,  particularly  the  kind  of  Teflon  we  normally  put  on. 

On  the  other  hand,  for  a long  period  of  time  there  was  simply  no  one  to  work  on  it 
and  It's  not  easy  to  persuade  a graduate  student  even  such  as  Stuart  Crampton  to  delay  his 
Ph.D.  experiment  a couple  of  years  while  he  investigates  various  forms  at  Tetlon  and  other 
materials.  1 think  now  there  are  places  such  as  Orsay  and  now  1 think  the  Bureau  of 
Standards  and  other  places  working  on  it  where  1 think  this  kind  of  development  1 think 
it  has  a great  future. 

It’s  to  he  remembered,  that  Teflon  was  essentially  the  first  thing  ever  tried.  So  there 
is  no  reason  to  believe  that  we  are  all  that  clever  just  because  frying  pans  are  made  that  way. 

DR.  RKINHARDT:  1 think  something  we  can  all  agree  on  is  that  no  matter  what 
field  we  are  in.  whether  hydrogen  maser  or  cesium  or  crystals,  we  all  need  more  money. 

MR,  FNGLISH:  Tom  I riglish.  from  FT'RAIOM . California. 

One  of  the  obvious  requirements  for  military  applications  of  frequency-type  stand- 
ards is  nuclear  radiation  hardening. 

1 would  like  to  ask  the  panel  perhaps  to  comment  on  what  they  think  might  happen 
for  example  to  the  wall  shift  if  you  had  nuclear  radiations  present. 

I don’t  know  if  anything  has  been  done  on  this  or  not.  but  it’s  certainly  a problem 
all  standards  have  to  look  at  least  in  some  point  of  the  development. 

DR.  WALLS:  1 won’t  comment  on  the  Tetlon  itself  because  1 don’t  know  that  much 
about  It. 

But  nuclear  radiation  clearly  is  going  to  cause  major  structural  changes,  perhaps.  So 
active  cavity  control  I think  would  he  essential.  If  it  still  worked,  then  you  could  worry 
about  what  happened  to  the  l etlon  on  the  wall. 

MR.  PLTLRS:  I don’t  have  the  data,  hut  I think  there  have  been  some  discussions  on 
the  effect  of  nuclear  radiation  on  the  wall  material.  1 am  thinking  primarily  of  the  wall 
shift. 
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But  I believe  tlie  Hiix  r;ites  you  antieip;ite,  we  don’t  think  it’s  a large  effect,  but  it 
certainly  needs  to  be  measureil. 

I)K.  \ tSSOT;  Well,  there  was  a quantitative  estimate  made,  I think,  some  time  ago. 

I think  Dr.  Winkler  was  responsible  for  its  inception,  to  determine  levels  of  nuclear 
radiation  from  the  normal  environment  would  be  expected  inside  the  maser.  I believe  the 
Naval  Research  Labs  were  involved  in  this,  too. 

1 hey  came  to  a conclusion  that  the  radiation  over  five  years,  using  what  they  saw 
as  shielding  materials,  namely  the  molypermalloy  shields  and  quart/,  or  whatever  the 
bulbs  are  made  ot  and  the  cavities,  that  t/iey  felt  confident  that  tliis  would  not  cause 
significant  drift  at  the  five  year  level. 

DR.  ALLEN;  Dave  Allen,  National  Bureau  of  Standards. 

Good  accuracy  ultimately  translates  to  good  long-term  stability,  looking  futuristically 
at  hydrogen,  it  in  tact  Bob  Vessot  is  right  and  you  can  beat  the  wall  shift  down  into  the 
dirt,  woulil  it  then  be  good  to  beat  the  secoinl  ordei  Doppler  down  by  looking  at  the  low 
temperature  cavity  type  materials? 

DR.  RAMSEY:  My  first  comment  on  that  is  yes.  by  all  means. 

In  tact,  there  are  several  ailvantages  you  could  have  with  low  temperatures. 

You  just  have  to  be  sure  that  you  aren’t  getting  the  atoms  sticking  to  the  walls  too 
much. 

But  1 think  there  is  a great  deal  of  res>’arch  to  be  done  in  that. 

One  graduate  student  of  mine.  Bob  Paul  Zit/.ewit/,  that  Paul  Zitzewitz.  did  some 
studies  of  temperature  effect  on  wall  effects. 

■Actually,  one  ot  the  things  we  wanteil  to  do  was  go  to  really  low  temperatures,  but 
there  simply  wasn’t  the  funds  for  the  work. 

DR.  C R.A.MP'ION:  fhere  has  been  some  work  done  at  lower  temperatures  at  Orsay 
and  It  shows  that  as  you  go  down  some  to  liquid  nitrogen  temperature,  for  example,  there 
are  some  real  ailvantages.  things  work  okay. 

It  you  try  to  go  very  below  that  you  get  into  trouble.  But  liquiil  nitrogen  is  a very 
attractive  temperature,  it’s  very  good  to  stay  at.  I think  more  work  needs  to  be  done  on 
that. 

DR.  DESAINTFUSCIEN:  Tellon  becomes  a real  solid  at  temperature  below  200  K. 
Perhaps  it  is  possible  to  create  another  kind  of  Lellon  whose  properties  would  be  different. 

DR.  RAM.SEY:  In  this  connection,  as  soon  as  you  can  afford  to  do  anything  in  the 
way  ol  going  to  very  low  temperatures  you  open  up  many  possibilities  of  totally  different 
surfaces. 

In  lact,  practically  from  the  beginning  even  almost  before  we  tried  Tellon,  my  defini- 
tion of  the  ideal  surfai'e  lor  many  purposes  was  a soliil  helium  surface  at  appropriately  low 
temperature  because  this  is  something  in  which  there  would  be  very  little  sticking  char- 
acteristics, and  you  would  get  it  in  ;i  very  pure  form.  I think  the  solid  helium  might  he  a 
little  hard  to  achieve.  1 would  be  very  optimistic  about  things  like  argon  as  a possible 
surface  material.  Are  there  any  other  questions  from  the  floor'’ 
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MR.  CHI:  1 woniier  before  you  elose  the  panel  discussion,  coulil  you  leave  a clear 
and  optimistic  prediction  of  the  performance  of  hydrot!en  maser,  assuminf!  all  the  prob- 
lems which  have  been  identified,  that  have  been  hiphlighteil,  what  would  be  the  perform- 
ance and  who  are  the  people  who  might  he  interested  in  doing  those  kinds  of  activities? 

DR.  R.^MSEY:  In  the  first  place.  I think  you  should  give  realistic  estimates  and 
optimistic  estimates 

DR.  VESSOT:  We  are  going  out  to  a big  limb,  hut  we  are  betting  we  will  see  data 
consistently  below  1 part  in  10  to  the  15  tor  average  in  times  beyond  10^  seconds.  We 
have  been  tantalized  with  data  that  has  been  at  the  1 in  10  to  the  I 5 levels  occasionally. 

DR.  WALLS;  How  long'.' 

DR.  VESSOT;  That  challenging  voice  was  Walls  saying  for  how  long  and  the  answer 
is  1 don’t  know  how  long  but  1 suspect  you  would  have  to  go  to  about  2000  to  4000 
seconds  to  get  it.  It  will  probably  go  roaring  up  right  afterwards,  too. 

MR  PETERS:  1 would  like  to  make  another  independent  estimate  of  this  lower  limit. 

I really  feel  that  parts  in  10  to  the  lb  which  may  be  another  way  of  saying  better 
than  a part  in  10  to  the  15,  but  I think  we  will  be  closer  to  part  in  10  to  the  16,  possibly 
better  than  that.  1 don’t  see  why.  But  it’s  the  long-term  systematic  phenomena  we’re 
being  limited  by.  of  course,  this  is  all  a function  of  what  averaging  time  we  are  talking  about. 
And  this  is  right  where  tb.e  limit  is  set  now.  But  a continued  study  of  these  I feel  should  get 
us  lower  than  Bob  feels  he  will  get. 

DR.  WALLS:  We  are  counting  on  the  Bureau  of  Stanilarils  doing  for  ten  days  and 
beyond  in  the  very  low  parts  in  10  to  the  1 5.  I expect  to  do  a part  in  10  to  the  14  per 
year.  We  may  not  (piite  make  it  or  we  may  be  better.  I think  a lot  of  it’s  going  to  depend 
on  what  is  really  going  on  with  the  wall  shift.  I am  not  quite  so  worried  about  the  .second 
order  Doppler  effect,  but  1 am  worried  about  the  long-term  stability  of  the  wall  shift.  If 
we  have  troubles,  it’s  just  more  research.  You  use  a different  coating,  use  a different 
temperature,  whatever.  I don’t  see  it’s  fundamental,  but  it  takes  time  and  money  and 
people. 

DR.  RAMSEY:  Does  anyone  else  want  to  make  a comment’’ 

DR.  REINHARDT;  I think  one  question  that  has  sort  of  been  ml.^sed  a little,  one 
part  of  it  that  has  been  missed  a little  in  talking  about  the  Doppler  shift,  we  have  ignored 
some  of  the  magnetic  shifts  and  other  problems  we  face.  I he  real  way  to  get  better 
stability  is  narrower  lines. 

I think  until  you  get  some  narrower  lines  that  you  might  have  some  problem  with 
parts  in  10  to  the  16. 

It’s  the  same  problem  with  cesium  and  with  all  the  stanilards.  When  you  start  to 
split  these  lines  by  1 00,000  or  so,  you  run  into  all  kinds  of  systematic  problems.  If  we 
can  get  a factor  of  10  or  more  improvement  in  lines,  then  I think  we  can  get  parts  in  10 
to  the  16. 
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MR.  PbTERS:  I think  part  of  my  optimism  arises  because  I think  we  may  get  storage 
times  which  are  muclt  longer,  possibly  with  new  materials  or  different  size  bulbs  and  we 
pt)ssibly  can  improve  the  line  Q significantly. 

DR.  RAMSFY:  Is  that  an  answer  to  your  question?  You  sort  of  have  to  average  over 
these  numbers,  but  certainly  part  in  10  to  the  LS  and  maybe  beyond  that  point. 

Is  there  any  other  very  important  question? 

More  important  than  lunch? 

I guess  lunch  wins  in  which  case  I would  like  to  thank  the  panel  members  and  the 
audience  both. 

(Whereupon,  at  1 2:38  p.m.,  the  meeting  was  recessed.) 


A COMPARISON  OF  VARIOUS  HYDROGEN-MASER  FREQUENCY  STANDARDS 


A.E.E.  Rogers  and  A.R.  Whitney,  (NEROC,  Haystack  Observatory), 
L.B.  Hanson,  (Lincoln  Laboratory,  Millstone  Hill  Field  Station), 
Wesford,  Massachusetts 
01886 


ABSTRACT 


Comparisons  have  been  made  between  several 
hydrogen-maser  frequency  standards  of 
different  design  to  test  their  sensitivities 
to  changes  In  environmental  factors.  These 
comparisons  are  carried  out  with  one  maser 
placed  In  the  standards'  room  of  the  Haystack 
Observatory  and  the  other  In  a special  room 
at  the  Westford  antenna,  about  1.2  km  distant. 

A phase  stable  link  connects  the  two  facilities. 
The  room  at  Westford  allows  the  pressure, 
temperature,  and  magnetic  field  to  be  changed 
and  controlled  within  certain  limits.  The 
room  at  Haystack  Is  controlled  In  temperature, 
but  Is  unshielded  from  variations  In  magnetic 
field  and  atmospheric  pressure.  Results  will 
be  presented  from  pairwise  comparisons  between 
four  hydrogen  masers,  one  each  of  the  NP2 
and  NX2  design,  built  at  Goddard  Space  Flight 
Center,  and  one  each  of  the  VLG10-P2  and 
VLG10-P8  design,  built  at  the  Smithsonian 
Astrophysical  Observatory. 


INTRODUCTION 


Earlier  tests'  of  hydrogen  maser  frequency  standards  at  the 
Haystack  Observatory  had  shown  maser  standards  to  be  quite 
sensitive  to  temperature,  pressure  and  magnetic  field.  Over 
the  past  few  years  several  improvements  have  been  made  in 
hydrogen  maser  standards.  SAO  has  eliminated  the  pressure 
sensitivity  evident  in  the  original  VLG  masers  and  NASA  has 
decreased  the  temperature  and  magnetic  field  sensitivity  evident 
in  the  u'P  masers  with  a new  generation  of  masers  to  be  based 
on  the  NX-2  design. 

Recently  three  hydrogen  masers  have  been  operated  simultaneously 
at  the  Haystack  Observatory.  Long  term  stability  still  appears 
limited  by  environmental  sensitivity  of  the  masers  but  drifts 
of  less  than  a part  in  lO' ' have  been  observed  for  periods 
extending  over  several  days. 

EJW IRONMENTAL  SENSITIVITY  MEASUREMENTS 

The  sensitivity  of  various  frequency  standards  to  temperature, 
pressure  a-J  magnetic  field  have  been  measured  by  placing  the 
standard  in  an  enclosure  at  the  Westford  facility  1.2  km  away 
from  the  reference  standard  at  Haystack  Observatory.  The 
pressure  within  the  enclosure  at  Westford  can  be  changed  by 
-0.15"  Hg  by  changing  the  Westford  antenna  "balloon"  radome 
pressure  from  iow  to  high  limits.  Figure  1 Illustrates  the 
small  but  noticeable  effect  of  cycling  the  pressure  (with  a 
3-hr  period)  at  Westford  upon  the  frequency  of  the  SAO  built 
VLC-10-P2  maser  using  the  NASA  NP-2  as  reference.  A pressure 
sensitivity  coefficient  can  be  determined  by  synchronously 
averaging  many  pressure  cycles. 

Table  1 summarizes  the  enviornmental  sensitivities  measured  from 
early  1975  to  the  present;  the  data  was  obtained  by  cycling 
one  environmental  parameter  at  a time. 


*A.R.  Whitney,  et  al.,  "Applications  of  very-long-baseline 
interferometry  and  geodesy:  Effects  on  accuracy  of  frequency- 

standards  Instability",  Proc.  of  6th  Annual  DOD/NASA  PTTl 
Planning  Meeting,  Wash.,  D.C.,  1974. 
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The  SAO  VLG  masers  were  orij>inally  quite  sensitive  to  barometric 
pressure.  Modifications*  have  been  made  to  the  base  plate  of  the 
vacuum  chamber  which  have  reduced  the  pressure  sensitivity 
to  the  point  where  it  is  now  not  possible  to  see  correlation 
between  frequency  and  barometric  pressure  variations. 

Figure  2 shows  the  long  term  frequency  variations  between  NP-2 
and  N.X-2.  For  these  measurements  NP-2  was  located  at  Haystack 
and  NX-2  at  Westford.  Frequency  comparisions  were  made  using 
a 5 MHz  phase  comparator  and  electronically  compensated  cables. 

Each  point  is  the  average  frequency  for  a time  interval  of  900 
seconds.  The  variations  present  are  highly  correlated  with 
temperature  variations  in  the  room  in  which  NP-2  was  operating, 
although  the  correlation  is  somewhat  complicated  by  the 
action  of  the  NP-2  maser  autotuner’*' which  attempts  to  correct  the 
cavity  tuning  with  a time  constant  of  several  days.  A temperature 
coefficient  of  -3  x 10“' **  (°C)  was  measured  using  a 3 hour 
temperature  cycle  period.  However  the  temperature  coefficient 
derived  from  the  data  in  Figure  2 is  almost  -1  x 10“' 
because  the  maser's  thermal  time  constant  is  sufficient  to 
smooth  out  the  variations  in  a 3 hour  cycle,  but  not  over  the 
much  longer  time  span  presented  Ir  Figure  2.  NX-2  appears 
to  have  a thermal  time  constant  as  long  as  3 days  and  the  coefficient 
given  in  Table  1 was  derived  using  a 2A  hour  temperature  cycle. 

The  temperature  coefficient  of  NX-2  derived  from  observing  the 
effect  of  a temperature  step  after  2 days  is  approximately 
5 X 10“'‘*(°C)  '.  Note  that  there  is  no  correlation  with  the  large 
barometric  pressure  changes  associated  with  hurricane  "Belle" 
as  neither  maser  is  measurably  sensitive  to  barometric  pressure. 


CONCLUSIONS 

While  many  improvements  have  been  made  in  the  latest  generation  of 
hydrogen  masers,  their  long  term  stability  may  still  be  limited 
by  variations  in  the  environment  in  which  the  maser  is  operated. 
Currently  it  is  possible  to  maintain  long  term  drift  within  1 x 10”'^ 
provided  room  temperature  is  held  within  1°C.  Continued  intercomparison 
of  masers  in  separate  environments  may  be  useful  in  further  evaulation 
of  environmental  effects  and  long  term  aging  which  have  so  far  been 
undetected.  Improved  hydrogen  maser  performance  is 

* 

R.C.  Vessot  - Private  Communication 

+For  all  the  measurements  reported  the  NP  masers  were  autotuned  against 
an  HP105  crystal  oscillator. 


Important  in  the  development  of  increasingly  accurate  geodesy  and 
astronomy  using  very-long-baseline  interferometry  (VLBI) . 
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FIGURE  CAPTIONS 

Figure  1.  The  effect  of  barometric  pressure  changes  on  the 
frequency  of  the  SAO  VLG-10-P2  maser  before  modification.  (After 
modification  the  effect  of  0.15"  Hg  pressure  modulation  on  maser 
f requency  were  not  detectable  - see  Table  1.) 

Figure  2.  The  effect  of  temperature  variations  on  the  frequency 
of  the  NASA  NP-2  maser. 
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I’ANI  L li  DISC  USSION 


MR.  I CJSC^lit:  Would  the  p;inel  members  come  forward,  please. 

(lenllemen,  1 woidd  like  to  open  this  panel  discussion  by  askin}!  certain  individual 
members  if  they  wall  perhaps  relate  the  user  e.xperience  that  they  have  hatl  in  a sieneral 
way,  that  is  to  provide  a backgrounil  for  the  iliscussions.  then  we  will  move  into  some 
more  specitlc  i|uestions. 

1 think  1 will  just  start  over  on  my  right  with  Mr.  Rogers,  and  then  proceed  across 
the  table.  It  you  woukl  be  so  kind,  perhaps  you  could  speak  to  us  in  a general  way  about 
your  experience  with  the  hydrogen  masers  ami  the  uses  that  you  put  them  to. 

DR.  ROCibRS:  Our  main  use  is  for  verv’  long  baseline  interferometry,  and  for  geodesy 
and  astronomy  work  it  is  extremely  important  to  have  frequency  standard  stability  that  is 
very  good  in  sort  ot  the  medium  term,  that  is.  between  say  10  and  10,000  seconds. 

I he  reason  why  it  is  important  in  that  time  scale  is  that  we  make  observations  of  a 
number  ot  raiiio  objects  during  a course  of  a typical  observing  session,  and  some  of  these 
objects  act  as  calibrators.  .So  really,  what  is  important  is  that  the  frei|uency  standard  acts 
as  a llywheel  to  carry  us  between  the  time  that  we  observe  one  partici  ar  source,  through, 
say,  a number  of  other  sources  and  back  again,  say,  to  the  same  source.  One  could,  of 
course,  carry  this  to  an  extreme  ami  have  a system  with  multiple  antennas  wliere  one  set 
ot  antennas  are  always  looking  at  a particular  railio  source,  in  which  case  that  woukl  sort  of 
become  the  Clarke  star. 

However,  that  is  extremely  costly  in  ortler  to  do  that  because  in  order  to  see  the  radio 
sources  you  need  very  large  antennas.  Our  experience  with  hydrogen  masers  has  been  cpiite 
good.  Our  early  experiences  were  not  that  good.  We  have  useel  11-10  masers  w hich  have 
quite  good  stability  at  a hundred  seconds.  But  seem  to  ilegrade  very  rapidly  beyond  that, 
mainly  because  of  their  extreme  sensitivity  tt)  environmental  factors,  we  think.  .\t  that 
tune  we  were  not  really  seriously  measuring  the  sensitivity  of  the  maser  to  various  different 
environmental  factors.  .Also,  we  hail  some  difficulties  with  masers  failing. 

I arly  design  masers  had  problems  with  the  disocialor  and  the  lifetime  of  the  disoci- 
ator.  and  they  used  to  develop  the  disease  known  as  the  whites.  However.  I am  pleased 
to  say  that  m more  recent  design  masers.  1 ilon’t  think  we  have  ever  seen  a case  of  the 
whites.  We  woukl.  I think,  like  to  see  somewhat  better,  or  less  sensitivity  to  environment 
than  we  have  now.  although  we  are  ot  course  working  to  improve  the  rooms  in  which  we 
operate  these  staiidartls.  But  even  so,  it  is  very  difficult  to  hold  the  temperature  of  a rotmi 
much  better  than  two-tenths  of  a degree  ( . and  even  that  perhaps  is  optimistic,  if  you  are 
going  to  have  people  going  in  ami  out  to  check  this. 

So  certainly  we  would  like  to  see  impriweinents  in  this  area.  Dr.  Clark  indicated  that 
we  really  couki  benefit  by  even  better  performance.  I think  better  stabilities,  in  the  range 
10  to  10,000  seconds;  and  I think  that  is  true. 

We  might  want  to  set  a goal  of  maybe  a part  in  10  to  the  I.*!.  Our  experiments  become 
limited  by  the  atmosphere  probably  at  this  level,  although  we  are  working  on  systems  for 
calibrating  the  atmosphere  that  may  mean  even  better  frequency  standard  stability  than  a 
part  in  10  to  the  I .‘1  couki  in  fact  benelit  us  in  the  future. 

MR  r OSQDl  I would  like  to  ask  Dr.  Clark  if  he  wovild  comment  on  his  experience. 
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I)K  CLARK;  Well,  1 shuiikl  prclucc  this  hy  saying  that  Alan  Rogers  aiul  1 are  really 
troni  the  same  grt)up.  although  out  alTiliations  are  ililTerent.  There  has  been  a group  of 
astronomers  and  radioseientists  on  the  l ast  Coast  of  the  United  States  that  have  merged 
together  to  do  a numher  ol  types  ot  VI  HI  programs  a long  time  ago.  and  we  still  continue 
to  be  working  together.  So,  to  some  extent  Al  and  1 speak  together;  so  we  are  getting 
tuiee  as  much  time  as  any  ol  the  other  people. 

I thought  It  might  be  a little  bit  useTul  to  trace  in  slightly  more  iletail  the  history  that 
we  have  had  with  hyilrogen  masers,  just  so  you  can  see  that  our  experience  is  fairly  w idely 
based.  .And  I w ill  take  off  some  of  the  rlifferent  kimls  of  units  that  we  have  used  along  the 
wa  y. 

I he  first  masers  w hich  were  used  as  Man  said  were  1 1- 10s.  f he  Haystack  has  its  ow  n 
H-10.  We  manageil  to  pick  out  (d'the  box  with  Harry  Peters’  help  an  11-10  that  went  to 
(meen  Hank,  West  Virginia. 

I he  earliest  use  of  two  hydrogen  masers  at  VI, HI  was  on  that  particular  baseline. 
Subseiiuent  to  that  time  we  have  had  arldilional  experience  with  the  masers  that  Dick 
Sydnor  has  built  and  used  them  at  the  (iokistone  tracking  station  in  Calitornia.  We  have 
used  the  NP  design  masers  of  Harry  Peters  in  a number  of  facilities,  in  California.  Sweden. 
•Alaska,  in  Massachusetts;  ami  have  gained  i|uite  a bit  of  experience  and  confiilence  in  tlurse 
units.  And  the  Smithsonian  masers  were  of  the  current  generation  masers,  have  been  the 
only  ones  that  have  been  “commercially”  available.  Commercially  is  said  in  quotes  here 
because  1 don’t  think  H<rb  Vessot  would  like  to  think  of  himself  as  a factory,  but  he  ilid 
make  at  least  a limited  number  of  masers  for  sale  to  the  astronmny  community  tor  VI  HI 
purposes. 

Currently  such  are  in  use  at  (Ireen  Hank.  West  X'irginia;  Maryland  Point;  Haystack, 
and  one  al  the  Onsala  Observato  in  Sweilen  aiul  at  I t.  Davis.  Textis. 

So  based  on  that  kinil  of  set  ot  experience.  I think  you  can  see  that  we  have  seen 
masers  all  around  the  workl.  The  (ioildard  masers  have  also  been  used  on  VLHI  in 
Australia  and  are  currently  also  in  use  Pete  MacDoran  just  walked  in  ami  I am  sure  he 
will  make  comment  on  the  use  ol  it  within  another  VI, HI  program  in  N ASA. 

One  of  the  environmental  ef  fects  which  Alan  showeil  on  his  slide  which  was  not  ex- 
panded upon,  perhajrs  as  much  as  it  should  have  been,  which  I think  is  a particular  type 
of  environment  effect  that  we  are  very  concerned  about,  long  baseline  interferometrx  work. 
IS  magnetic  field  effects. 

The  reason  that  this  is  of  concern  to  us  is  that  we  typically  use  these  masers  at  facil- 
ities that  have  large  ilish  antennas  which  amount  to  large  amounts  ot  steel  overhead  w Inch 
move  to  point  at  various  directions  in  ttie  sky.  altering  the  earth’s  magnetic  field  in  the 
environs  ol  the  masers. 

Since  the  signatures  we  are  trying  to  observe  from  the  radio  sources  are  in  tact  diurnal 
sinusoids,  which  the  motion  ot  the  antennas  with  a diurnal  period  to  track  the  radio 
sources  coiikl  very  easily  mask  themselves  into  erroneous  geophysical  and  astronomical 
results. 

So  magnetic  field  elfects  have  been  ol  particular  concern  to  us.  In  fact,  baseil  on 
Alan’s  testing  at  the  Haystack  observatory  and  reexamination  ol  the  shielding  properties 
ot  the  NP  masers,  (ioddard  Space  Might  C enter  has  recently  embarked  on  a program  to 
adil  ailditional  magnetic  shiekling  to  the  NP  maser  series.  I wo  ol  those  have  now  been 
upgraileri.  and  ailditional  ones  are  going  through  the  mill  having  adilitional  shields  added. 

We  have  seen  such  interesting  eftects  as  waste  baskets  and  chairs  alongsiile  ol  hydrogen 
m.isers  do  m tact  change  lulling  and  hence  the  baseline  results.  I hat  is  certainly  the  kind 
of  thing  you  do  not  want  to  see  affecting  high  accuracy  geophysical  results. 
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So  I think  in  torins  of  tlie  rdiahility  ami  rc(|Uircinents  tor  masers.  Man  indieated  tliat 
levels  ol  the  order  of  parts  in  10  to  the  1 5 of  a thousand  seeonds  are  eertainly  very  desir- 
able numbers  for  us.  We  do  like  to  have  longer  term  stability  too.  up  to  the  one  day  level. 
Past  one  day  it  is  relatively  unimportant  lor  most  of  the  VI  HI  .ipplieations  heeause  our 
ver\  long  term  time  base  is  in  fact  1 ,M  derived  from  I OK.AN-f  . 

However,  sinee  we  are  observing  phenomena  ilue  to  the  rotation  of  the  earth,  we  do 
like  to  be  able  to  eome  baek  and  observe  that  phenomena  today  and  tomorrow,  hopefully 
without  any  untoward  behavior  of  the  elock.  lienee,  time  seales  up  to  about  10  to  the 
5th  seeonds  are  of  some  imiiortanee  to  us. 

Very  short-term  time  seales  are  recpiired.  fairly  good  stability,  though  not  past  the 
level  of  the  erystal  oseillators  included  inside  the  II  masers  because  we  use  them  tor  local 
oscillators  also. 

So  our  most  critical  type  regime  is  in  the  100  to  10.000  second  range  with  somewhat 
less  criticality  with  one  times  10  to  the  5th  range. 

I hat  is  the  reason  for  Alan’s  comment.  In  terms  of  the  way  the  masers  have  operated, 
I think  we  have  found  at  least  two  brands  of  masers  currently  available  have  shown  very 
high  degrees  of  reliability  ami  movability.  Not  portability  because  then  you  think  of  a 
suitcase  and  these  certainly  aren’t  suitcases. 

Hut  the  masers  from  (ioddard  and  Smithsonian  astrophysical  observatory  have  both 
been  moved  around  to  a large  number  of  places  in  the  worki  and  usually  you  can  plug 
them  111  and  they  work  when  you  get  there  at  about  the  same  level  of  transportability  and 
rehabihtv  as  cesium  stamlards. 

We  have  grown  to  trust  them  very  much  and  have  hail  very  few  failures.  I think  the 
question  was  asked  this  morning  on  mean  time  to  failures.  1 think  our  experience  has  been 
very  good.  1 he  worst  lailures  we  usually  see  are  light  bulbs  burning  out. 

MK.  K)S(.)IJ|-:  1 would  like  to  pause  a moment  before  we  go  on  and  make  sure  that 
we  ask  Major  Kittler  of  S.AMSO  to  come  forward  if  he  is  in  the  audience. 

I guess  he  didn’t  come  in  late.  Well,  then.  I would  like  to  pass  the  microphone  on  to 
Mr.  1 aston  and  see  if  he  will  give  us  some  tlavor  for  his  experiences  with  hydrogen  masers 
and  their  uses. 

MK.  li.ASTON:  We  have  had  two  different  requirements  for  hydrogen  masers. 

Originally  we  started  wanting  one  to  compare  rubiilium  and  cesium  standards  to. 
for  this  purpose  we  got  the  first  Vl.OlO  ever  built.  And  as  Dr,  Rogers  has  said,  these  had 
some  problems  with  the  disociator.  Hut  after  the  disociator  was  changed,  it  gave  no  further 
problems.  We  had  another  problem  with  the  isolation  amplifier,  and  when  that  was  fixed, 
the  thing  has  run  now  for  a year  with  no  problems.  .So  we  are  quite  pleased  with  the 
present  VI  (i  It),  and  our  next  use  for  hydrogen  masers  though  is  quite  different. 

We  were  now  worried  about  Hying  them,  so  we  are  critically  interested  in  small  si/e, 
weight,  power,  hut  still  have  long  life. 

So  I have  been  very  encouraged  today  to  hear  that  some  of  these  standards  have  run 
for  five  years.  Unit  is  about  the  order  ot  life  we  would  like  to  see.  So  I think,  all  in  all. 
we  are  encouraged  and  think  we  can  build  good  and  long-life  masers  for  space  applications. 

MK.  DEiCKf.K:  I am  from  Marshall  Space  flight  (’en'er,  and  we  have  recently  used 
four  masers  built  by  SAO  in  a redshift  experiment. 

I hese  were  three  ground  masers  and  one  probe  maser,  fhese  masers  have  undergone 
quite  some  severe  tests  especially  the  probe  maser  of  course,  further  there  has  been  travel 
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Iicl\vcen  SAO  Wallops  Island  and  the  station  at  ( ape  Canaveral  and  have  to  work  quite 
often  in  rather  difficult  environments.  We  have  not  experienced  any  reliability  problem, 
any  difficulties  and  these  masers  showed  excellent  short-term  stability. 

Our  mam  concern  for  this  experiment  was  stability  over  a period  of  about  three 
hours  because  this  was  the  main  operational  time  required  during:  the  experiment.  Our 
reiiuirement  was  less  than  I part  in  lO''*  drift. 

Vou  heard  this  morning  from  Mr.  Hob  Vessot  about  the  design  of  those  masers.  The 
llight  maser  was  tested  in  a vacuum  chamber  and  its  design  was  rather  similar  to  the 
ground  masers. 

It  was  tested,  for  vibration,  shock,  ambient  pressure  changes  between  vacuum  aiul 
atmospheric  pressure;  environments  as  you  experience  it  in  space,  centrifugal  force  since 
we  had  a spinning  payload  and  some  variation  of  magnetic  field,  as  well  as  combination 
of  these  various  factors.  In  addition  we  did  not  only  test  but  calibrated  the  maser  for 
changes  in  these  parameters  during  Hight.  we  simulated  the  flight  environment  in  the 
chamber  and  calibrated  its  various  effects. 

I lirough  all  these  activities  we  never  experienced  any  problem  with  a maser,  and  as 
you  heard  this  morning,  experiments  worked  very  well  and  all  the  masers  performed 
perfectly.  I guess  maybe  we  will  come  back  later  to  talk  about  future  re(|uirements, 

MR.  FOSQUh:  Maybe  we  could  get  .Mr.  MacDoran  to  give  us  some  of  tns  experiences, 
and  I know  he  has  had  experience  both  in  the  areas  of  V'l.BI  and  spacecraft  tracking.  I 
will  ask  him  if  he  would  please  make  a few  comments  in  both  areas. 

MR.  M,\(T)()R.\N:  Thank  you,  Hugh.  Well  experience  at  JPI.  started  out  in  the 
spacecraft  navigation  area,  and  the  some  of  the  particular  system  elements  that  I was 
mvolveil  in  was  the  effect  of  the  time  and  freciuency  system  upon  the  accuracy  of  the 
estimation  of  the  Doppler  signal  and  its  decomposition  to  deduce  the  right  ascension  and 
decimation  of  the  sp.icecraft. 

One  of  the  elements  that  comes  in  that  is  generally  foreign  to  the  experience  of  most 
of  the  imlivitfuals  involveil  in  I’l'l  I is  the  notion  of  long,  routui  trip  light  time.  People  in- 
volved vvitli.  say.  satellite  timing,  or  something  like  that,  are  kind  of  used  to  the  notion  of. 
about  a quarter  second  of  round  trip  light  time,  out  to  geostationary  orbit  wtien  you  are 
talking  about  spacecraft  tracking.  In  particular,  my  experience  came  with  Mariner  b and 
7.  where  we  were  setting  out  ranging  signals  and  waiting  at  ftiaf  time  for  45  minutes  for 
them  to  get  back  from  the  spacecraft  transpt)nder. 

And,  as  more  ambitious  missions  are  coming  up.  we  have  Mariner-Jupiter-Saturn  that 
IS  getting  ready  to  launch  ne.xt  year,  and  there  some  of  those  light  times  are  going  to  be 
measured  in  liours. 

rtie  reference  that  you  use  lor  demodulating  telemetry  when  you  receive  the  return 
signal  or  the  range  code  or  the  Doppler,  you  are  obviously  looking  al  a replica  of  what 
frequency  system  was  doing  three  hours  ago.  And  that  is  a very  strange  kind  of  environ- 
ment in  which  to  live. 

So.  you  end  up  looking  at  a different  kind  of  perspective  of  the  way  this  error  source 
gets  into  the  data.  For  example,  if  this  turned  around  very  fast,  you  can  tolerate  a pretty 
poor  kind  of  stability,  you  know,  because  it  is  going  to  be  just  differenced  out  in  the  next 
instant. 

But,  wlien  you  are  looking  at  hours  of  round  trip  light  time,  obviously,  the  require- 
ments are  changed  quite  a lot.  Not  only  is  the  Doppler  the  prime  data  type  in  the  Mariner- 
Jiipiter-Saturn  mission,  but  some  new  things  have  come  up.  One  is  that  the  declination  of 


the  planets,  the  outer  planets  at  least  like  Jupiter  aiul  Saturn,  are  what  they  are.  You  might 
teel  that  \'ou  wish  that  it  wasn't  so  dose  to  zero  iledination.  if  you  go  through  and  write 
out  the  eciuations  of  Doppler,  you  will  see  that  at  zero  declination,  you  don’t  have  any 
sensitivity  m a Doppler  data  system.  So  if  you  are  talking  about  a flyby  to  a planet,  and 
the  planet  is  near  zero  declination,  you  have  a very  bad  time  estimating  just  where  it  is  in 
th.it  direction,  relative  to  the  eijuatorial  plane  of  the  earth. 

I here  is  now  a move  to  try  and  determine  angles  by  differential  range.  Now  that 
differential  range  starts  to  put  on  another  series  of  requirements,  because  if  you  are  talking 
about  range,  good  to  a meter,  there  you  are  having  to  face  now  something  like  three  nano- 
seconds of  synchronization  between  two  stations  that  are  probably  at  intercontinental 
separations. 

.And  m\'  colleague.  Brooks  Thomas,  was  going  to  address  that,  but  the  press  of  work 
hack  at  the  laboratory  prevented  him  from  being  here.  But.  there  are  lots  of  ways  that 
this  is  being  looked  at.  fhere  are  some  schemes  that  are  called  near  simultaneous  ranging 
where  you  can  sort  of  trade  the  fact  that  you  can  interpolate  the  orbit  just  a little  bit  and 
pretend  as  if  it  were  simultaneous  and.  therefore,  you  don't  have  to  have  the  synchroniza- 
tion on  the  ground. 

But  there  is  a lot  ol  thought  being  given  to  synchronization  at  the  suhnano^econd 
level  to  do  the  navigation.  1 he  rippling  effect  this  has  on  the  design  of  a mission  is  really 
amazing.  Ldtimately.  it  goes  right  back  down  to  what  it  is  that  you  are  going  to  lly.  F-or 
example,  if  you  have  an  ambitious  kind  of  scientific  package,  you  want  to  lly.  but  it  is 
kind  of  too  heav\'.  then  it  conies  onto  the  trade-off  with  the  propulsion  people,  just  how 
much  weight  are  you  going  to  get:  how  much  propellant  are  you  going  to  off-load  to  put 
on  this  instrument.  That  goes  back  to  the  navigation  and  says,  “Well,  how  well  are  ytui 
going  to  put  me  by  the  planet  so  I can  decide  what  kind  of  motor  burn  1 am  going  to  have 
to  do  when.”  and  it’s  a tremendous  rippling  effect  and  you  see  it  coming  down  to'  “Well, 
how  well  is  the  F^H  I going  to  be  done'’” 

file  reciuiremeiit’s  coming  up  for  the  Mariner  Jupiter  Saturn  sync'.'onization  of  some- 
thing like  10  to  13  and  it  looks  like  VT.BI  is  going  to  play  a prime  role  both  in  the  swichro- 
nization  of  the  oscillators,  as  well  as  the  epoch  of  the  clocks,  in  the  time  interval  of  the 
Mariner-J upiter-Saturn  mission. 

With  regard  to  ,\K11S  and  the  transportable  VI.  B1  work,  the  experience  we  have  had 
now  is  with  i|uite  a few  major  systems,  started  out  in  1071  doing  experiments  using  two 
of  the  developmental  Jl’l  masers,  and  the  very  valuable  experience,  and  we  began  to  get  a 
better  handle  on  just  what  it  was  that  we  had  to  have. 

F roni  that  experience  ainl  the  experience  of  using  rubidium,  we  managed  to  develop 
observing  strategies  that  would  allow  us  to  live  with  some  of  the  peculiarities  of  the  rubid- 
ium system  relative  to  a hydrogen  maser.  We  then  had  an  experiment  in  which  we  had 
an  SAO  maser  in  Madrid,  which  Bob  Vessot  ver\  kindly  took  the  maser  to  Madrid  for  us. 
And  he  just  smiles  over  there.  .Anil  we  got  some  ven,'  interesting  data  there.  We  were 
getting  synchronizations  of  the  oscillator  rates  that  were  equivalent  to  a part  in  lU  to  13. 
And  the  two  components  of  the  eijuatorial  baseline  between  (ioldstone  and  Mailrid  were 
precision  of  about  one  meter  and  agreement  at  about  the  two  meter  level  with  Doppler 
determination  sustention  positions.  Then,  about  a year  ago.  we  starteil  doing  experiments 
using  a rubidium  and  ARIF  S station  and  modifieil  H-IO  masers  at  Owens  Valley  and  almost 
12  months  ago.  we  started  using  a (ioddard  hydrogen  maser  in  the  .ARIF'S  transportable 
then. 

The  experience  with  the  (iodilard  maser  has  been  very  gratifying.  Our  data  reduction 
goes  ever  so  much  more  smoothly  that  we  don't  have  to  figure  out  exactly  what  mbidium 
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vs  as  iloing  m order  to  kind  of  hack  our  way  tlirough  tlie  analysis.  It  is  a very  well  heliaved 
system.  I think  it  is  even  Nl’-l  that  we  have  in  the  station,  so  it.  hy  no  means,  is  the 
latest  ot  the  (ioddard  technology. 

We  have  made  all  the  moves  siiccesstully.  and  there  have  been  a total  ol  six  moves 
that  we  have  made  during  the  last  I 2 months.  Aiul  the  fioildard  maser  has  worked  well. 
Once  I have  to  admit  the  van  got  overly  hot,  and  I guess  we  lost  phase  lock  in  one  of  the 
loops  or  something  hut  we  got  the  air  conditioning  hack  on  anil  things  settled  down  and  it 
came  right  back  up.  Hut  that  is  certainly  not  a problem  with  the  maser;  we  had  a truck 
break  down  and  it  was  summertime  and  the  thing  got  very  hot  and  so  on.  But  the  maser 
has  done  very  well. 

And  as  we  look  forward  to  other  systems.  1 guess  we  would  like  to  see  a maser  that 
would  settle  down  in  just  a period  of  a couple  hours  or  something  alter  a move  and  1 
don’t  know  what  the  implications  are  for  a system  design  for  that  kind  of  a wish.  S\  n- 
chroni/ation  needs  for  us  are  something  like  about  10  microseconds  to  get  this  started  in 
the  cross  process,  so  we  don’t  have  to  search  too  large  a space  and  reijuency  synchroniza- 
tion, about  one  part  in  10  to  the  1 I and  then  stability,  once  whcicver  the  maser  is  going 
to  he  ninning  or  wherever  the  frequency  device  is  of  about  one  part  in  10  to  the  14  w ill 
sort  of  do  everytliing  we  need  lo  do,  even  up  to  X-band  on  regional  baselines  up  io,  say. 
1000  kilometers.  Or  probably  even  more  than  that. 

I'ven  intercontinental  baselines  part  in  10  to  14  will  do  it  but  let  me  not  mislead  you 
with  a statement  like  that.  When  we  are  talking  about  transportable  geodesy,  what  we  are 
after  are  three  baseline  components,  three  dimensional  relationship  between  the  two  sta- 
tions and  in  instrumental  terms.  I'or  that  I will  just  mean  something  that  looks  like  a 
clock  synchronization  and  something  that  looks  like  a synchronization  of  the  rates.  So 
we  are  solving  tor  just  f ive  parameters.  In  some  of  the  work  that  Tom  and  Roger  are  con- 
cerned with,  they  have  a more  ambitious  kind  of  solution  problem.  Not  only  do  they 
have  to  do  the  five  I just  described,  but  they  are  talking  about  picking  up  you  the  one. 
polar  motion,  radio  source  positions  and  so  on. 

MR  lOSQUh  1 wonder  if  at  this  time,  there  are  some  questions  that  the  various 
panel  members  wish  to  tiring  up  among  themselves.  If  not.  1 think  we  c;  n probably 
stimulate  some  discussion  by  opening  the  panel  to  questions  from  the  nooi. 

I see  Dr.  V\  inkier  with  his  hand  up  there.  Perhaps  we  could  let  him  have  the  first 
question. 

DR.  VMNKLhR.  ( an  I ask  the  last  sjx’aker,  MacDoran.  would  you  repeat  your  state- 
ment about  the  planets  being  on  declination  zero  ’ I am  old  enough  to  have  seen  most  of 
the  planets,  declinations  as  high  as  2.T1/2  degrees  up  and  down  1 think  there  must  be 
sornetliing  wrong. 

MR.  MAC'DOR.AN:  Okay,  the  problem  is  that  outer  planets  will  do  those  kind  of 
things.  You  just  have  to  wait  around  long  enough,  for  the  inner  planets,  sure,  you  don’t 
have  to  wait  too  long  to  watch  Venus  kind  of  go  through  its  whole  range  of  declinations, 
but  if  you  want  to  wait  around  to  watch  Pluto  go  througli  its  whole  range  of  declinaiions. 
It  might  chew  up  a lot  of  time. 

It  you  tiave  got  a mission  and  you  have  got  the  funding  and  have  everything  put 
together,  you  are  going  to  launch.  And  the  planet  you  are  going  to  go  to.  you  are  going 
to  tly  by  the  declination  that  it  happens  to  reside  in.  If  it  turns  out  it  is  a declination  of 
five  or  six  degrees,  rather  than  20.  that  makes  quite  a lot  of  difference  m the  sensitivity 
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ol  tlic  Doppler  traekinc  and  its  ahility  to  estiniate  the  declination  ol  the  spacecraft  as  it 
apprt)aches  the  planet.  Have  I answered  the  question'’ 

MR.  hOSQl  l : Other  questions  froin  the  Hoor'.’  I see  Victor  Reinhardt. 

DR  RHNHARDT:  Victor  Reinhardt,  (ioddard  Space  Mittht  Center.  | was  just 
woiulerint:  it  you  could  sort  of  sum  up  yiiur  needs  for  the  future  in  terms  of  fre(]uency 
stahiht\ . ein  ironmental  sensitivity,  loniter  term  stability,  just  to  yet  some  sort  of  con- 
sensus or.  and  also  synchroni/ation.  I hearil  three  nanosecomls  here  whieh  raiseii  my 
evebrous  a little  bit  consiilerine  past  statements. 

I am  just  woiulerini:  it  any  ol  you  would  just  make  some  projections  for  the  future 
about  your  needs  and  would  likes. 

DR  ROC.fcRS:  I will  try  and  j:el  my  set  of  numbers.  ,A  crucial  time  scale,  as  we  have 
.dreads  mentioned  is  10  to  I O.OOO  seconds.  I think  one  needs  to  have  a better  than  part 
in  10  to  the  14.  Perhaps,  as  good  as  a part  m 10  to  the  I .S.  if  we  make  the  improvements 
m atmospheric  calibration  that  we  may  be  able  to  make.  So  somewhere  between  a part 
m 10  to  the  I.*'  and  part  in  10  to  the  14  for  that  time  scale. 

I think  we  would  like  to  have  that  same  stability  exteiuling  out  to  a day.  As  far  as 
the  environmental  sensitivity.  I think  you  ean  really  just  take  that  number  and  as  I say. 

I think  we  can  hoKI  the  room  temperature  to.  well,  two-tenths  of  a degree,  which  means 
that  the  kind  of  lemperafure  cccftlcicnts  we  liave  now  have  a few  ivirts  in  10  to  the  14  are 
)ust  good  enough.  But  one  could,  again,  go  for  some  improvement.  As  far  as  synchroni/a- 
tion IS  concerned.  I think  1 am  not  sure  you  quite  understood  what  Peter  MacDoran  said 
on  that, 

I he  initial  reiiuirement  lor  synchroni/ation,  ! don’t  think,  is  anything  like  nano- 
seconds. I think  it  IS  the  order  ol  microseeoiuls.  and  it  is  merely  a matter  of  convenience. 
In  tact,  we  have  done  some  experiments  where  we  did  not  know  the  initial  clock  synchro- 
ni/ation to  better  than  a millisecond,  and  one  can  search  for  the  clock  synchroni/ation. 
but  It  does  take  processing  tune.  I think  that  we  can.  through  the  verv  long  baseline  inter- 
ferometry technique,  provide  very  good  synchroni/ation  at.  1 think,  tlie  nanosecond  level, 
once  we  calibrate  our  antenna  systems  correctly. 

We  have  now  subnanoseeoml  synchroni/ation.  but  only  relative  from  one  experiment 
to  another.  We  have  unknown  constants  in  the  synchroni/ation  that  we  have  yet  to 
calibrate  out  at  the  nanosecond  level, 

DR.  CLARK:  1 might  expand  on  this  just  slightly.  The  tracking  stations  and  radio 
astronomy  facilities  that  are  involved  in  doing  long  baseline  interferometry  work  using 
hydrogen  masers  probably  constitute  the  biggest  challenge  for  frequency  standards  for 
very  high  technology  frei)uency  standards  anywhere  in  the  world.  .And  the  fact  that  these 
can  be  synchronized  by  the  interlerometrie  techniipies.  that  can  essentially  become  a very 
high  accuracy  network  of  time  available  to  the  users. 

One  point  when  we  get  around  to  the  ()uestions  going  in  the  other  direction  that  I 
would  like  to  make  is  the  idea  ot  in  some  way  having  the  astronomical  facilities  doing  long 
baseline  interferometry  serving  as  a worldwide  grid  of  time.  .So,  1 am  posing  that  a little 
bit  early  but  it  goes  along  with  what  Alan  just  said  here. 

MR.  FOSQUIV  I guess  we  have  a question  here,  I think  we  will  take  the  question, 
and  then  come  back  to  the  panel  views  on  re(|uirements  again. 
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QUESTION:  Samuel  Warn.  Jet  Propulsion  l ab. 

\NouUI  MaeDoran  or  the  panel  like  to  disetiss  the  problem  of  establishinj:  calibration 
ami  nanosecond  level  and  maintaining  syne  lor  long  periods,  like  live  to  eight  years'’ 

Most  of  the  users  at  the  panel  are  only  doing  this  for  a perioil  of  a few  hours. 

MR.  FOSQDE:  Who  wishes  to  speak  to  that'.’ 

Pete  MaeDoran'.’ 

MR.  MACDOR.AN:  Well,  the  synehroni/ation  on  the  scale  of  years  comes  down  to. 
what  level  of  synchroni/ation  you  need.  I am  going  over  in  my  mind  what  the  interplan- 
etarv  flight  would  realK  neeil.  sa> . nanosecoiul  over  that  kimi  of  time  frame  and  I can't 
■^■e  anv  driving  re<iuirement  at  the  nanosecond  level  for  years.  You  know  tor  tune  spans 
continuously  for  a scale  of  years. 

I could  see  it  certainly  iluring  the  differential  ranging  to  get  around  tlie  zero  declina- 
tion degeneracy  ami  parameter  estimation  but  that  extends  over  a tracking  path;  that  is 
m the  scale  of  hours. 

Now.  you  have  a problem  of  clocks  going  down,  you  have  to  restart,  you  have  a 
s\  nchroni/ation  problem  there;  but  I see  that  problem  being  solved  by  the  VI.BI  technique 
itself,  where  for  initial  conditions  vou  have  sychronization  of  oscillator  rates  at  about  the 
part  in  10  to  the  1 1 . which  you  can  dri  by  VU-  technic|ues  or  whatever;  ami  you  have  for 
convenience,  initial  clock  sy nchioni/ation  at  the  few  mierosecomi  level. 

Once  you  have  those  as  initial  conditions,  you  start  then  with  the  VI.BI;  and  probably, 
as  the  JPl  ileep  space  network  is  now  considering,  they  are  going  to  bring  that  back  either 
till  a so-calleil  high  speed  data  line  at  rates  of  about  50  kilobits  per  second,  (vr  maybe 
through  a satellite  communications  circuit,  ami  do  synchroni/ations  at  the  nanosecond 
level  of  clock  epoch.  ,\ml  troni  changes  of  epoch  to  deduce  rate. 

So,  I see  what  you  mean  on  scale  of  years,  but  I don't  see  that  translating  into  nano- 
seconds. I see  It  much  more  at  parts  in  10  to  the  1 ,^th.  as  1 mentioned  before,  for  the 
Doppler  tracking  with  long-return-trip  light-times.  I'hat  is  where  I see  the  driving  reciuire- 
ments  coming  from 

MR  EOSQl'E  I woulil  like  to  go  back  now  again  to  the  iiiiestion  of  future  reiiuire- 
ments  and  ask  our  other  panel  members  who  are  not  involvetl  in  the  VLBI.  if  the>  would 
address  what  they  see  in  terms  of  future  requirements. 

1 will  start  with  Mr.  i aston. 

MR.  EASTON:  Our  requirement,  as  f'red  Walls  made  quite  clear  this  morning,  is  not 
frequency  stability  requirement,  it  is  a time  requirement.  We  would  like  to  keep  a maser 
in  space  having  unknown  errors  no  greater  than  about  10  nanosecoiuls,  when  compared  to 
Dr.  Winkler’s  32  hydrogen  masers,  which.  I am  sure,  he  will  have  in  the  near  future. 

MR.  DECKER:  If  we  talk  about  maser  application  in  space,  of  course,  size,  weight 
and  space  requirements  are  very  critical.  I’artieularly.  long  operation  lifetime  without 
ntaintenance  or  with  automatic  control  from  the  ground. 

If  we  consider  f uture  relativity  experiments  to  measure  some  higher  oriler  effects 
we  would  like  to  see  a trequency  stability  of  10  minus  lb  or  better  over  at  least  a period 
of  several  hours,  as  gooil  as  you  can  get. 
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MR  I OSgUF:  Th  crc  is  a gentleman  with  a (jiiestion.  Wonlil  yon  iilentity  the  panel 
memher  that  you  are  aiUiressing  the  question  to'.’ 

QUESTION:  I am  still  very-  unsatislieil  with  the  answers  in  terms  ol  requirements 
anil  need.  I am  not  that  familiar  with  the  V'l  Bl.  hut  can  you  give  some  concrete  examples 
of  what  difference  it  would  make  to  you,  and  what  specific  missions,  whether  you  can 
order  10  to  the  minus  14  or  10  to  the  minus  I 5.  It  is  very  nice  to  have  10  to  the  minus 
15  or  10  to  the  minus  Ih.  hut  is  there  really  a need  and  does  it  make  a difference',’ 

^'ou  would  like  to  have  10  nanoseconds  hut  in  terms  of  applications,  in  terms  of  real 
need.  now.  what  difference,  what  system  would  it  make  any  specific  difference  whether 
you  have  10  nanoseconds  or  20. 

There  may  he  a suhstantial  expenditure  to  achieve  such  a result.  It  is  all  very  nice  to 
have  it.  you  know,  hut  it  still  costs  money  to  get  it.  Is  it  worth  it.  I mean  to  go  from  10 
minus  1 4 or  10  minus  15? 

MR.  EASTON:  Hie  reason  why  we  want  and  need  10  nanoseconds  is  that  at  that 
level,  the  error  budget  due  to  the  clock  becomes  large,  compared  to  the  other  errors  in 
the  system.  And  very  soon  the  system  starts  going  to  pot.  This  is  the  {IPS  system.  So, 
tliat  is  why  10  nanoseconds  is  important. 

MR  DECKER:  In  terms  of  time  synchronization  or  time,  the  requirement  is  not 
very  critical  for  the  relativity  experiment. 

MR.  FOSQUE:  1 think  he’s  asking  you  about  the  level  of  stability  that  is  required. 

MR.  DECKER:  I his  depends  on  the  type  of  measurements  you  want  to  make.  If 
we  go,  for  example,  to  the  sun,  we  can  with  the  present  maser  design  do  some  very  good 
measurements  on  relativity  experiments.  That  depends  how  close  you  can  come  to  the 
sun.  how  much  change  in  the  gravitational  potential  you  can  experience  with  a maser. 

But  there  are  some  other  experiments  where  you  would  like  to  get  up  to  about  10 
minus  I (>,  if  you  can. 

Does  this  answer  the  question'.’ 

DR.  VIiSSOT:  I can  answer  that  question. 

Prof.  Kenneth  Nordtvedt  has  just  calculated  what  would  happen  if  you  did  a solar 
grazer,  not  a solar  plunger.  That  is  a device  that  goes  in  a parabolic  trajectory  within  four 
solar  radii  of  the  center  of  the  sun  and  is  measured  at  an  angle  of  45  degrees  to  its  trajectory 
in  the  plane  of  the  ecliptic,  so  you  are  not  looking  out  of  the  plane  appreciably. 

Me  comes  out  with  the  following  results.  If  you  had  a clock  at  one  part  ten  to  the 
14th.  you  would  get  that  value  of  the  redshift  would  he  on  the  order  of  10  to  the  secoiul- 
X,  and  the  value  of  beta  the  second-order  redshift  would  come  out  at  about  10  to  the 
minus  5 from  the  trajectory  determination.  'You  would  measure  beta  from  the  second 
order  redshift  directly  at  about  10  to  the  minus  I.  You  would  measure  gamma.  1 think, 
at  about  10  to  the  minus  b level,  that  is  the  parameter  that  has  to  do  with  the  way  the 
spatial  part  ol  relativity  is  altered  by  the  presence  of  the  solar  mass. 

The  oblateness  of  the  sun  could  he  measured  at  about  10  to  the  minus  10  level,  that 
IS  the  fact  that  the  sun  is  llattened  owing  to  its  rotation. 

There  is  also  an  experimental  test  of  the  frame  dragging,  which  is  the  property  space 
has  when  it  is  near  moving  matter,  in  this  case  the  rotating  matter  of  the  sun  where  the 
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actuiil  coordinate  frame  is  dragged  by  the  rotating  object,  and  that  l.ense-Thirring  Effect, 
riiis  effect  would  be  measiiretl  at  about  .b  to  .2  level  enough  to  see  its  existence. 

Your  ciucstion  can  he  answered  by  saying  all  of  these  can  he  improved  by  a factor  of 
10  if  you  got  to  10  to  the  1 .‘'th,  instead  of  part  10  to  the  1 4th,  where.  I think,  we  are  now 
at.  I hese  are  all  tneasurements  which,  1 think,  are  very,  very  important  to  people  in 
astronomy,  relativity  and  astrophysics  in  general. 

MR.  FOSQUE:  I think  we  wid  take  the  gentleman  real  seriously  and  ask  all  our  panel 
members  if  the>  can  sharpen  up  their  requirements  ami  itientify  how  they  come  about. 

■So.  let’s  go  now  to  our  Vl.Bl  contingent. 

MR.  M.ACDORAN:  After  having  heard  the  implications  of  the  general  relativity 
aspects.  1 would  like  to  acquaint  you  with  a much  more  prosaic  problem,  one  of  solid 
waste  management.  You  think  1 am  putting  you  on,  but  I am  not 

There  is  a mission  that  is  about  to  Hy  called  SHASAT.  SEA.SAT  is  going  to  carry  a 
radio  altimeter  anil  it  is  going  to  measure  the  ocean’s  surface  from  orbit.  One  of  the 
driving  requirements  of  Sb.A.SA  I is  to  find  the  open  ocean  circulation.  That  happens 
because  there  is  something  called  geostrophic  flow  because  when  the  water  sort  of  turns 
a corner,  it  stacks  up. 

1 he  assumption  is  that  by  Us  ing  over  you  will  be  able  to  see  the  stacking  up  of  the 
water  and  identify  the  center  of  the  thing  called  the  amphidrome.  That  is  the  oceano- 
graphic aspect. 

I he  geodetic  aspect  is  that  there  is  a systematic  problem  with  the  apparent  sloping 
of  mean  sea  level. 

Something  is  inconsistent.  It  doesn’t  seem  to  be  on  the  level. 

MR.  MACDORAN:  Unless  you  can  figure  out  w''at  is  happening  there,  you  will  get 
confused  between  what  is  systematic  slope  and  what  is  the  open  ocean  circulation. 

Now.  ARIES  Project  with  the  transportable  Vl.Bl  is  involved  now  with  the  National 
Cieodetic  Survey  in  developing  a relationship  between  differential  leveling  and  geometric 
geodesy. 

Now,  we  come  back  to  the  positions  requirement.  How  good  do  you  have  to  do  this 
thing'.’  And  the  answer  is  about  10  centimeters.  What  is  10  centimeters,  what  does  that 
actually  translate  into  when  you  look  at  even  a simple  solving  for  five  parameters?  And 
you  keep  going  through  this,  and  what  you  end  up  with  is  about  a part  in  10  to  the  14th 
stability. 

So.  now  we  have  traced  it  back  to  a frequency  stability  requirement  and  that  have 
to  do  with  open  ocean  circulation  ant!  dumping  of  solid  waste  from  the  coastal  states  and 
how  long  it  takes  before  it  washes  up  on  your  beaches. 

It  wasn’t  a put-on. 

DR.  ROGERS:  Are  you  people  looking  for  an  actual  number'’ 

Vl.Bl  is  basically  differential  ranging,  and  we  are  hoping  to  be  able  to  measure 
strains  on  the  crust  of  the  earth  of  the  order  down  to  the  centimeter  level  across  the  con- 
tinent and  we  hope  perhaps  down  to  the  millimeter  level  for  around  a hundred  kilometers, 
and  we  have  already  done  the  millimeter  level  on  distances  of  about  one  kilometer.  If 
you  just  take  one  millimeter  and  you  say,  you  want  to  get  down  to  one  millimeter,  and 
let’s  say,  your  antenna  takes  a thousand  seconds  to  move  from  one  object  to  another, 
you  want  the  frequency  standard  to  drift  an  equivalent  to  one  millimeter,  which  is  the 
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order  of  one  pieoseeoiul  in  ;i  thousand  seeotuis.  I'hat  is  a part  in  10  to  the  I 5tli  right 
there.  1 hat  is  the  kiiul  of  ealeulation  that  is  a ver\  crude  calculation,  but  that’s  the 
kind  of  numbers  you  come  up  with. 

DR.  CL.ARK:  1 was  going  to  amplify  a little  on  Alan’s  analogy.  There  are  a number 
of  the  geometric  turns,  lie  was  talking  about  the  one  where  you  make  a differential 
measurement  between  tw'o  different  radio  sources  to  determine  differential  arrival  time 
from  the  two  sources  at  the  two  stations  so  that  is.  in  a sense,  a double  difference  measure- 
ment he  was  describing  there,  which  required  that  kind  of  level  of  stability. 

But  if  the  kind  of  numbers  we  are  trying  to  get  down  here  are  ilown  in  these  centi- 
meter and  subcentimeter  category  then  it’s  another  story. 

Let’s  talk  about  the  one-day  level  of  stability  briefly.  If  we  are  talking  of  about  a 
part  in  10  to  the  14th  over  10  to  the  5th  seconds,  that  is  a nanosecond  per  day.  We  all 
know  a nanosecond  is  a foot.  So.  if  we  have  instabilities  at  the  part  in  10  to  the  14ih 
level  at  the  one-day  level,  that  means  that  there  is  50  centimeter  type  noise  that  is  masked 
in  all  of  the  rest  of  the  stuff  we  are  really  trying  to  observe. 

Some  of  that  noise,  if  it  averages  out.  really  iloesn’t  hurt  us  very  much.  But  the  thing 
that  we  are  trying  to  observe  with  the  very  long  baseline  interferometry  techniques,  we 
use  the  quasars  up  in  the  sky  as  inertial  reference  frame.  They  are  very  fixed;  we  haven’t 
much  worry  about  their  stability.  We  are  trying  to  measure  the  geometry  of  the  earth 
underneath  those  quasars. 

We  see  that  geometry  change  once  per  day  as  the  earth  rotates  underneath  the  quasars 
and  the  apparent  geometry  of  the  baseline,  as  seen  from  the  quasar  then  rotates  once  a day. 
I herefore.  what  we  get  as  an  output  signature  for  the  observable  from  one  source  is  a 
sinusoid  that  varies  over  a period  of  time  of  one  day. 

But  we  can’t  observe  it  over  a full  day  because  the  earth  isn’t  transparent,  unless  we 
find  some  very  specialized  sources  that  are  up  all  of  the  time  and  all  of  the  antennas  that 
are  involved,  which  doesn’t  happen. 

So.  what  we  are  trying  to  observe  is  over  a significant  fraction  of  a day.  and  hopefully 
come  back  the  following  day  and  make  sure  the  measurement  lies  on  top  of  that  first 
measurement,  he  able  to  stack  all  of  these  things  together,  coming  out  with  that  numbers 
that  are  accurate  at  the  centimeterish  level,  we  don’t  want  to  have,  then,  frequency  stand- 
ard effects  that  have  diurnal  signatures  masked  into  the  data. 

For  instance,  if  the  frequency  standards  have  temperature  sensitivity,  the  temperature 
sensitivity  in  the  room  is  going  to  have  a diurnal  signature  to  it  typically.  So  that  is  a kind 
of  effect  that  can  be  very  had.  Similarly  magnetic  field  effects  couKl  be  diurnal  because 
we  have  this  big  moving  mass  of  telescope  overhead,  which  is  pointing  at  the  different  stars 
,d  taking  out  the  earth’s  rotation. 

These  are  some  of  the  reasons  why  we  require  all  of  this  freedom  from  environmental 
parameters  at  the  same  kind  of  level  Alan  showed  for  the  double  difference  measurements. 
So.  it  does  convert  to  a requirement  also  for  precision  out  at  the  nearly  one-day  level  or 
one-riay  level. 

Now,  obviously,  we  could  then  ilo  what  Pete  diil,  and  say  what  is  the  implications  of 
measuring  these  distances  to  that  level. 

Well,  that  obviously  has  implications  in  earthquake  prediction  areas  and  things  like 

that. 

1 don’t  think  we  want  to  go  into  the  economic  benefits.  Pete  alreaily  did  in  his 
dumping  of  waste  matter  analogy. 
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MR.  FOSQUt:  Any  (jiK.‘stions? 


DR.  RtlNH.ARDT : I would  just  like  to  myke  ;i  comment  in  line  with  what  the  HIM 
people  said  about  wantinf:  hydrogen  masers.  And  our  problem  at  the  laboratory  has  been 
holding  on  to  them  long  enough. 

Since  the  VI  Bl  are  using  the  masers  and  use  them  tor  long  periods  and  have  the  net- 
work. the  ideal  place  tor  reporting  to  I .AI  is  the  masers  at  the  VI  HI  stations  rather  than  at 
the  laboratories  that  are  doing  the  research  on  the  masers  themselves. 

MR.  FOSQUE;  Other  (piestions? 

DR.  K.NOWLIiS:  .Steve  Knowles,  NRL. 

The  ipiestions  about  the  supercc'oleil  oscillators  I have  heard  about.  What  is  the  cur- 
rent state  ot  the  art  on  those;  who  makes  them;  and  is  there  a possibility  of  a prototype 
being  available  for  use  at  a VI. Bl  telescope?  I would  certainly  like  to  see  that.  We  all 
have  gooil  tacilities  I'or  testing  oscillators. 

MR.  FOSQUL:  Who  wants  to  tackle  that  problem? 

DR.  C LARK:  We  have  some  of  the  NBS  people  here  in  the  audience. 

MR.  FOSQUF:  It  has  been  suggested  we  have  people  very  knowledgeable  in  the 
audience.  Perhaps  Mr.  .Allen  might,  if  you  give  him  a microphone,  maybe  he  coulil  com- 
ment on  that. 

DR.  ALLFN:  The  best  results  to  my  knowledge  that  have  been  (jbtaineil  at  Stanford 
by  Dr.  Stein,  and  Dr.  l urneaure.  I liose  results  have  been  published. 

We  have  not  yet  had  systems  operating  to  the  point  where  we  can  compete  with 
those,  riiose  results  are.  one-second  stabilities. 

DR.  WALLS:  Now  seconds 

DR.  ALLFN:  Yes.  4 and  10  to  the  lb.  1000  seconds.  One-second  stability,  as  I 
recall,  is  about  10  to  the  minus  14,  going  down,  one  over  Tau.  That  is  what  has  been 
documented.  As  tar  as  their  availability,  we  are  not  interesteil  in  a production  unit.  The 
thing  that  needs  to  be  done  is  for  someone  to  pick  that  up  and  try  to  capitalize  on  what 
research  has  been  ilone.  We  have  high  hopes  for  the  supercomluctor  cavity. 

1 think  one  thing  has  to  be  kept  in  mind,  and  that  is  that  if  1 understand  the  need  in 
VI  Bl,  it  IS  the  total  accumulated  phase  over  whatever  integration  period  is  of  interest, 
whether  it  is  1000  seconds  or  whatever. 

And  it  you  talk  about  that,  then  you  talk  about  the  stability  at  that  sample  time. 

If  it  is  at  lOtK)  secomls,  then,  due  to  the  environment  sensitivity  of  superconducting 
cavity  you  nominally  have  comparable  stability  between  hydrogen  and  superconilucting 
cavity. 

So  that  is  an  important  point  I think  that  needs  to  he  brought  out. 

MR.  MACDORAN:  I guess  going  back  about  a year  anil  a half  ago  I had  a meeting 
with  Turneaure  when  we  thought  we  were  in  better  financial  shape  than  we  are. 
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Wc  talkcil  about  tlic  possiliility  of  puttinj;  together  a transportable  device  which  he 
thought  lie  could  do.  My  recollection,  it  was  something  like,  at  that  time  at  least,  around 
the  50  K category  for  a demonstration  Held  unit.  .And  there  were  some  really  fascinating 
possibilities  with  it. 

file  tact  that  you  have  to  go  down  to  below  the  usual  for  Kelvin  liquid  helium 
temperature,  you  have  to  pump  it  down  1 guess  1.6  or  something.  It  is  cold,  cold  outside. 
Hut  not  much.  Being  from  Southern  California,  it  is  a real  shock  to  me.  But  one  of  the 
other  things  you  could  get,  a kind  of  synergy  going  is  with  the  cryogenic  traveling  wave 
maser. 

In  the  masers  now  used  m the  deep  space  network,  there  is  a hath  that  runs  about 
4 Kelvin,  and  or  maybe  a little  cooler.  So  there  is  this  traveling  wave  maser  structure 
so  what  you  begin  to  envision  is  the  structure  and  this  (iunn  tliode  running  in  this  resonant 
cavity  and  it  is  all  one  integrateil  unit. 

When  you  take  the  maser  from  4 degree  Kelvin,  the  maser  gain  is  something  like 
45  dB.  but  when  you  pull  the  maser  down  to  about  1.6  Kelvin,  the  gain  goes  to  about 
60  dB  and  it  is  just  fantastic,  so  you  get  visions  of  this  tremendous  receiver  one  could  have 
operating,  you  know,  probably  at  arouml  10  Kelvin  for  the  operating  temperature  of  the 
receiver  with  an  integrated  local  oscillator.  The  Gunn  diode  wants  to  run  at  X-band  any- 
way so  you  don’t  have  to  do  any  multiplication. 

I'rankly.  I think  one  can  see  stabilities  that  we  haven’t  even  thought  about  how  we 
were  going  to  exploit  them  if  they  were  available  because  our  thinking  has  been  restricted 
ri^ht  now  to  what  we  can  gel  or  by  whatever  means  we  obtain,  to  use  what  is  physically 
available.  Hut  that  is  going  to  he  changing,  I think,  in  the  next  few  years. 

DR.  ROGERS:  1 would  like  to  just  comment  on  Pete’s  statement  and.  those  kind  of 
stabilities. 

1 think  we  know  we  are  limited  by  atmospheric  stability  a long  time  before  the  part 
in  1 0 to  the  1 6 level. 

DR.  EOSQUE;  •Are  there  other  ciuestions? 

DR.  WARD:  1 would  just  like  to  add  something  to  Pete’s  statement.  He  forgot  that 
that  maser  also  has  a superconducting  magnet. 

MR  MACDOR  AN:  That’s  right, 

MR.  EOSQUE:  Any  more  questions? 

Well.  1 have  a piece  of  paper  here  which  somebody  gave  us  a written  question.  1 think 
I woultl  like  to  turn  that  over  to  the  panel  now. 

I he  (luestion  is:  what  are  hydrogen  maser  user  experiences  in  comparison  with  cesium 
and  rubidium  standards'.’  And  have  these  different  devices  really  been  compared  on  an 
etjual  basis,  or  under  equal  conditions? 

1 will  start  over  here  on  my  left  anil  see  what  comment  the  gentlemen  would  like  to 
make  on  that. 

MR.  DECKER:  I don’t  have  any  experience.  We  have  no  comparison. 

MR.  EASTON:  Well,  we  have  had  experience  with  all  of  them  but  1 don’t  know  how 
to  say  eiiual  bases,  since  they  all  use  different  types  of  atoms. 
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There  is  no  douht  that  the  hyilropen  maser  is  the  most  stable.  The  cesium  is  right 
now  tile  most  accurate.  Kubiilium  has  very  good  short-term  stability  aiul  not  so  gooil 
long-term  stability. 

\He  are  in  hydrogen  masers  because  we  were  told  to  look  into  them.  And.  strangely 
enough,  it  now  appears  to  be  a very  good  decision.  But  it  wasn't  one  we  had  to  make. 

MR.  FO.S0DK:  Would  you  gentlemen  care  to  comment? 

MR.  MACDORAN:  Well,  a year  ago  Fi  l l,  the  paper  I had  in  there,  discussed  speci- 
lically  how  we  had  used  an  lli’50-65  to  get  baseline  solutions  at  S-hand.  where  the  re- 
t)uirements  are  less  severe  than  going  to  X. 

We  evolved  observing  strategies  so  that  the  frequency  system  wouki  not  do  us  in. 

But  that  doesn’t  mean  those  strategies  were  not  compromiseil  to  what  it  is  we  ultimately 
want  to  do.  You  know,  it  was  good  to  begin  to  demonstrate  a feasibility,  to  develop 
software  and  the  whole  systems  analysis. 

Now  that  we  have  had  experience  with  the  hydrogen  maser  in  the  transportable 
station,  we  are  looking  at  covariance  limits  right  now.  sort  of  the  best  we  could  do  theo- 
retically from  the  data  quality  being  generatetl.  and  those  covariance  limits  are  in  the 
range  of  three  to  five  centimeters.  We  have  some  other  systematic  things  going  on  that 
are  kind  of  limiting  us  at  10  or  1 2 centimeters  right  now.  but  we  think  we  will  get  those 
cleared  up  within  the  next  few  months.  So  1 think  we  will  start  moving  down  where  we 
can  get  out  the  three  to  five  centimeters  and  that  will  be  in  the  time  scale  of  the  next  year. 

The  hydrogen  maser  plays  a prime  role  in  that.  It  is  kind  of  interesting.  If  you  don't 
have  a really  clean  data  system,  or  a clean  frequency  anil  time  reference,  then  tlie  entire 
system,  and  AKIT.S  is  a very  multiilisciplinary  kind  of  thing,  and  if  you  are  getting  confused 
right  at  the  time  and  frequency  level  you  have  trouble  distinguishing  what  your  dependences 
are  on  the  radio  source  positions  or  the  ability  to  do  the  transmission  media  calibration, 
both  the  charged  particle  effects  and  the  neutral  atmosphere,  or  the  ability  to  do  the 
modeling.  T.numerable  numbers  of  things. 

So  It  sure  is  a real  blessing  to  us  with  the  hydrogen  maser  that  now  we  can  get  in 
there  and  sav'  we  just  don’t  have  the  problem  from  the  time  and  frequency  system  and 
now  these  other  errors  are  so  much  more  clearly  standing  out  and  amenable  to  a systematic 
solution. 

DR.  ROGERS;  We  have  had  a little  experience  with  rubidiums.  The  lll’SO-bS.X  at 
Haystack  Observatory  is  in  fact  used  as  the  primary  source  of  five  megahert/.. 

In  fact,  we  lock  the  rubidium  to  the  maser. 

That,  we  may  change.  That  was  somewhat  historic  because  we  wanted  to  keep  that 
five  megahertz  on  line  at  all  times. 

We  have  had  rubidiums  going  in  and  out  of  our  standards  room  as  we  switch  from 
one  rubidium  to  another.  We  have  seen  very  good  stability  with  that  particular  IIP  stand- 
ard. It  approaches  a part  in  10  to  the  I,?.  I think  at  about  1000  seconds. 

I have  a sigma  tau  plot.  I Inive  it  in  my  briefcase  if  anybody  would  like  to  see  it  after- 
wards. 

We  did  have  a cesium  siqiertube  that  Dr.  Klepc/ynski  brought  to  Haystack  Observatory', 
but  unlortunately  we  were  only  to  look  at  it  for  a matter  of  about  an  hour. 

It  came  as  part  of  a clock  synchronization  service,  normally  we  would  just  look  at  the 
second  tickoul  to  synchronize  our  clocks,  but  we  tied  it  into  a frequency  comparison 
system.  It  looked  like  it  was  not  too  good  at  all  at  100  seconds.  Worse  than  the  rubidium. 
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It  \s.is  about  a part  m 10  to  the  12  at  1 00  seconds.  I am  not  (|uite  sure  why  that  was  so. 
Mas  be  he  vsould  like  to  eomment  on  th.it.  lUit  that  is  the  only  test  I know  of  a supertube 
eesiuin. 

The  older  cesiums  we  know  are  totally  inaileipiate  tor  any  kind  of  VI  Ifl  applietition. 
.Stability  at  100  seeoiuls  is  totally  inadecpiate.  We  can't  even  iiet  coherence  at  .X-baiul. 

DR.  CLARK:  I'here  was  one  supertiibe  cesium  experience  we  hail  cm  the  air  that  I 
think  Allen  may  have  foreotten  about.  It  was  at  a time  when  we  vsere  runnini!  VI  Ml 
between  Haystack  and  the  (ioldstone  I racking  Station  and  the  normal  site  maser  was  not 
.ivail.ible  at  t hat  time. 

So  we  rlid  take  i>ne  of  the  ver\'  early  su|iertubes  that  (iodiL.rd  had  bought  to  the 
( ioldstone  I r.icking  Station  to  use  as  a local  oscillator.  Our  on-the-air  experience  with 
that,  very  early  one.  was  that  it  gave  stabilities  at  the  critical  time  scales  for  VI  Ml  roughly 
comparable  with  what  we  would  have  gotten  with  the  rubidium 

In  terms  of  answering  this  (|ueslion.  m terms  of  a geodesy  ap|ilication.  I’ete  gave  part 
of  the  answer.  1 here  ;ire  some  errors  which  are  instrumental  errors  which  are  independent 
of  baseline  length.  I here  .ire  others.  \'l  MIers.  which  are  proportional  to  baseline  length. 

Lite  tact  we  don't  know  before  the  fact  the  geometry  of  earth,  which  way  is  the  pole 
pointing  ami  how  last  is  the  earth  rotating,  that  introduces  errors  to  us. 

On  very  lotig  baselines,  the  way  in  which  the  freiiuency  standard  maps  into  our 
.ibilitv  to  nieasure  these  terms,  it  will  introduce  a few  centimeters  of  uncertaintv  if  the 
lrei|ucncy  star.vlards  ilepart  in  the  10  to  the  14  level. 

That  uncertaintv' goes  essentitilly  that  is  tor  the  critical  numbers  around  1000 
seconds. 

Therefore,  if  we  are  talking  about  a p;irt  m 1 0 to  the  1 that  is  introducing  40- 
centimeters  errors  atul  it  gets  very  difticult  to  ilo  .‘s-centimeter  geodesy  if  you  have  ,40- 
centimeter  clock-error  noises  masking  themselves  into  the  data. 

.So  I think  the  VI  Ml  applications  tor  high  accuracy  astronomy  and  geophysics,  to 
produce  numbers  at  the  output  at  the  subdecimeter  level  clearly  reipiire  hydrogen  masers 
or  comparable  pertormtince  Irom  some  other  technii|ue.  whatever  that  Mrand  X technique 
might  end  up  being,  and  1 ilon't  see  ;iny  way  arouml  that. 

MR.  I-.ASTON:  I’erhaps  there  is  one  thing  that  has  not  been  brought  out. 

The  reason  the  hyilrogen  maser  is  so  good  comp.ireil  to  cesium  and  rubidium  is  th.it 
the  bandwidth  ot  the  line  is  so  narrow  . It  is  about  one  hertz  in  the  indinary  hydrogen 
maser  and  in  the  passive  maser,  bred,  what  is  it.  a cpiarter'' 

DR.W  ALL.S:  It  could  be. 

MR.  L.ASrON;  .Something  like  a quarter  of  a hertz.  With  the  very  long  tube  cesium. 
,40  hertz'.’ 

VOICL;  2.S. 

MR.  l A.STON:  With  the  ordinary  run  of  the  mine,  .‘KK)  hertz. 

I’erhaps  this  gets  to  the  point  ot  this  question.  If  we  are  comparing  a hyilrogen  maser 
to  an  e(|uivalent  cesium  standard,  it  is  perhaps  .400  meters  long,  and  even  the  111  Os  weren't 
th.it  big. 
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DR.  kU  IH  /V  NSKI:  Rill  K l(.•|Hvynski.  N;itioii;il  ( )hscrvatory. 

lomorrow  wc  will  he  rcportiM):  on  a pajx'r  which  is  co-authorcil  by  the  people  Irom 
NRl  . Ken  .lohnslon  heini:  one  ol  them. 

Ue  liul  ilo  some  espeiiments  with  railio  astrononn  where  we  have  results  where  we 
were  eirmparmi!  ruhulium  on  a maser  anil  cesium  on  a V I 111  experiment. 

\s  expeeteil,  you  liiul  the  maser  is  the  superior  performer. 

However,  aeeorilini:  to  specs  as  you  see  them,  the  short  perioil  term,  ruhiilium  out- 
pertorms  cesium,  about  I ()()()  seconds.  In  this  instance  the  cesium  did  pretty  well. 

'You  will  see  some  ol  those  results  tomorrow  concerning  the  one  problem.  We  had 
the  cesium  up  at  Haystack  a while  back.  1 don't  really  know  how  to  answer  that  because 
I think  Dr.  Costain  is  going  to  make  a comment. 

DR.  lOSI  \IN:  We  had  the  same  thing  at  NRC  before  we  came  to  Haystack. 

We  were  doing  a [ihase  comparison  there  against  their  cesium  .■>  We  louiul  very  good 
agreement  witli  it. 

I w'as  surprised  at  the  performance  we  were  getting  at  Haystack  with  this  particular 
cesium. 

It  is  within  the  spec,  though,  ol  what  HI*  prints. 

I was  expecting,  and  wlien  we  got  liack  the  closure  indicated  the  cesium  itself  had 
performed  a lot  better  than  it  did,  the  time  ol  the  performance  ol  the  phase  track  we  were 
doing. 

.So  I am  not  completely  sure  atiout  what  happened  there. 

MR  lOSQlIh:  I lu-lieve  we  have  a question  over  on  my  lelt.  Dr.  Costain. 

DR  ( OSI  \IN:  1 here  still  is  a question  m our  mind  as  to  tlie  place  of  cesium. 

< ertainly  we  use  the  hydrogen  maser  still  to.  in  our  evaluation  of  our  primary  cesium 
standards.  Hut  we  are  beginning  to  wonder  that  it  we  can  we  think  we  can  or  have 
achieved  a part  in  10  to  the  14  stability  in  about  three  hours  w hich  is  iust  going  outside 
the  re(|uiremenl  of  many  of  these;  but  we  think  that  is  maintained  for  a year. 

I think  there  is  probably,  certainly  in  the  time-keeping  business,  it's  going  to  be  wide 
open,  long-beam  cesium  standard  type. 

It’s  in  my  mind  still  a i|uestion  in  operational  conditions  ol  whether  the  alisolute 
long-term  stal'ility  is  not  going  to  lx‘  an  important  lactor. 

Or  the  question  is.  is  it  going  to  be  an  important  factor  with  sort  of  timekeeping  of 
a microsecond  per  year  ’ 

I would  just  give  a briel  comparison.  We  have,  against  some  high  perlormance  at 
Hewletl-I’ackard  for  selected  intervals.  I his  is  not  in  performance  seen  between  our  pri- 
marv  standard  and  the  high  perlormance  figures  down  into  the  several  parts  in  10  to  the 
LS.  ’ 


MR  JOSOL'I  : I believe  there  is  a question  down  here  on  my  right 
Mr  Peters. 

MR.  PP  I I RS:  1 think  it’s  pretty  mi[iortanl  or  1 wouldn't  bring  up  perluqis  what 
might  be  a touchy  subject. 

Hut  as  the  ciuestion  ol  accuracy  relating  to  the  type  ol  standard  lias  been  broiiglil  up. 
wlien  we  are  talking  about  accuracy  with  cesium  supetior  to  that  of  hydrogen  masers,  we 
are  always  reterrmg  to  the  National  Standards  I aboratory  cesiums. 
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I lio  ;iv;iil;ihli,'  (.'(.•siiuns  wliicli  are  usetl  as  standards  m the  I'ield.  the  commereial 
eesii.ms.  I'm  sure  everyone  will  eotifirin  this,  are  not  siieeified  m aecuraey  to  near  the 
aeeuraey  eapahditv  doeumented  for  the  usual  hvdrotten  rnaser.  rvpieally.  live  parts 
in  10  to  the  i:. 

V\e  are  lalkinf;  about  Imidaniental  aeeuraey  now,  and  in  the  sense  that  they  can  be 
exaluateil.  I would  like  to  i|uestion  the  statement  that  sesiums  are  more  accurate  than 
Itydroeen  in  the  sense  that  they  are  referreil  to  the  National  Standards  l.aboralories  and 
an-  even  m their  specifi  alions.  So  for  hytlrotren  in  that  sense,  its  capability  at  present 
I'  more  accurate  by  a factor  of  2 to  .“i  at  least.  I believe;  as  everyone  is  well  aware,  or 
should  be. 

MK  lOSf.'Ub:  1 will  take  a (piestion  from  Dr.  Winkler  first,  then  come  back  to 
Dr.  ( 'ostam. 

1)K  VVINkLI  K:  I have  no  ipiestion.  1 have  to  make  a comment. 

I think  I begin  to  see  the  point  of  Dr.  Decker,  that  accuracy  is  becoming  a much 
abused  ami  misunderstood  word. 

1 have  to  say  1 honestly  begin  to  see  the  reason  why  it  wouiil  he  better  to  refer,  to 
split  the  meaning  which  is  inherent  in  that  word,  split  away  the  part  which  he  considers 
as  uncertainty  of  a standard  Whatever  'hat  may  be.  Peters  is  of  course  correct.  If  you 
talk  about  uncertainty  of  a standard,  you  mix  together  several  unknown  systematic 
effects.  If  you  talk  about  the  othei  benefits  which  were  inherent  in  your  discussion  Itere 
of  long-term  stability,  you  talk  about  your  control  over  systematic  effects  which  may 
come  in  over  long  periods  of  time.  I'hese  are  really  two  different  things.  I think,  which 
one  has  to  consider,  and  1 believe  maybe  we  shouliln't  talk  so  much  about  accuracy  and 
consitler  more  the  systematic  effects. 

I here  is  something  which  Harry  has  said  two  days  ago  or  three  ilays  ago  at  NCIK 
meeting  which  may  be  useful  to  mention  heie.  T hat  is  the  ability  to  model  these  long- 
term systematic  effects;  it  may  be  here  that  there  is  an  atlvantage  in  the  hydrogen  maser. 
Maybe  Peters  would  like  to  make  a comment  on  that. 

riiis.  of  course,  is  riilicukius  and  a complete  misuiulerstanding  of  the  meaning  of 
band  width,  and  long-term  (lerformance. 

The  reason  why  the  hydrogen  maser  is  a standard  at  least  in  a region  of  sigma  tau 
plot,  certainly  between  ten  seconds,  ami  somewhere,  tens  ot  thousands  ot  seconds,  1 
would  certainly  agree  with  that,  there  is  no  cpiestion  about  it.  is  that  there  is  it  is  in- 
herently phased  stable  coherent  phase  output  avoids  the  random  accumulation  of  steps 
or  what  we  call  the  rai  ilom  walk-in  phase  which  is  inherent  in  the  performance  ot  a cesium 
standard,  which  is  why  frerpiency  noise  ilominated,  as  opposed  to  the  hyvirogen  maser, 
which  is  why  phase  noise  ilominated  until  it  reached  the  freipiency  so  I think  it  is  com- 
pletely wrong  to  make  that  comparison. 

I wish  that  you,  Roger,  w'ould  recant  immediately,  and 

I think  it  would  be  very  interesting  if  you  would  comment  on  the  ability,  your  ex- 
pectation of  modeling  the  systematic  effects  in  the  hydrogen  imisers. 

1 think  this  is  a thing  which  is  def  initely  pertinent  here. 

Of  course,  as  Dr.  Winkler  has  brought  out.  there  is  a problem  in  comparing  hydrogen 
masers  to  cesium  standards. 

One  is  an  oscillator  and  one  is  not. 

(tr  one  can  be  an  oscillator  and  hydrogen  maser  can  either  be  an  oscillator  or  a filter 
like  cesium. 
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Hut  it  you  were  rclcrriiii;  to  cqu;il  ha.'ul  wulths.  ami  as  I ri'iall  tlio  (|m.'stion  tluTi-  was 
soitiL'  ojiialit)  . i-i|ual  tonilltions.  you  wduUI  cortamly  tiau'  to  havi'  a von  loin;  oosium 
stamlarii  to  liavc  tin-  same  lino  width  as  \’ou  ha\o  with  a h\droj;on  masor 

That  was  my  only  point 

l)K.  INKl.l  K I ho  i|uostion  rotors  to  otiui%alont  or  oipial  oiuiroiimontal  Loiulitions 
ploaso’ 

MK.  FOSQl'l  ' Do  you  want  to  mako  a oommont  ’ 

l)K.  ( LARK  1 was  eojnii  to  adil  anothor  VV  mklor  t\|v  ommont  that  porh.ips 
mstoad  ol'ono  motor  tuho.  wo  aro  talkini?  ahout  10  to  tho  4th  lOO-niotoi  tuhos. 

MR  H)SQi;[  . I jmoss  I still  havo  tho  (|uostion  l)i  ( osiam  wanted  to  brins;  up,  but 
so  wo  won't  lose  tho  thought  Dr.  V^inklor  made  I wimld  lik>  ll.irrv  I’oiors  to  oommont  on 
that  first. 

MR.  IM  TFRS;  Woil,  I think  it’s  tloar  tmm  tho  porlormamo  ot  hydrogon  masors  and 
and  many  othor  standards,  that  tho  st.itistnal  pri»|H  rtios  .it  ono  sooond.  ton  sooonds.  a 
thousand  sooonds  typically,  at  loast  tor  II  masors  p rtioularK  m this  range,  aro  important. 
Ilowovor.  in  tho  long  torm  at  about  1000  sooonds  and  bevoml  wo  aro  subioot  mostiv  to 
tho  onvironmontal  probloms,  tlio  .onsitmtios  ot  t/io  dovn  o to  tfio  ornirorirnofii.  magnof/o 
field,  and  various  and  sundrv  things  And  that  w.is  ono  ot  tho  m.iiii  ollorts  ot  tho  N AS  A 
rosoarch  at  Ciodilaril,  was  to  idontity  thoso  and  as  woll  as  to  trv  to  illustrato  oporation  ot 
ground-basod  hydrogon  masors  t do  tool  that  b\  testing  .iml  i|uantit\ing  tho  systomativ 
sonsitivitios  that  wo  should  bo  ablo  to  nlontilv  those  things  which  aro  causing  us  to,  sav. 
tlickor  out.  is  tho  usual  word,  but  I really  don't  b liovo  m that  idea  ot  tlickormg  out  because 
typically  I tlimk  of  this  as  saddle  point,  and  that  is  where  tho  svstemativ  things  begin  to 
take  over  and  typically  so  we  always  see  a low  point  m the  curve 

Hut  by  changing  the  temperature  or  magnetie  field  ol  the  maser,  it's  being  done  much 
better  now  than  we  really  did  or  should  h.ivo  ilone  when  we  made  our  hydrogen  masiT. 

This  type  ol  thing  can  give  coefficients  .iiul  i|uantil\  the  systematic  sensitivities  and  per- 
haps show'  us  how  we  can  get  down  into  the  10  to  the  minus  Di.  I don't  know  it  I answered 
that  exactly  in  the  right  way.  but  I think  this  is  a very  impoitani  .irea  of  research. 

It's  important  also  lor  cesium  or  any  other  slamlanl  I think  that  we  can  likeh  identify 
the  systematic  ellects,  and  that  such  things  as  just  a random  measure  ol  liequency  in- 
stability without  identifying  what  its  physical  cause  is  may  at  least  occur  at  ,i  kiwer  level 
than  it  does  at  iiresenl. 

MR  KOSyiJI-:  I haiik  you,  Harry 

I woulil  like  to  take  Dr.  Costain’s  (juestion.  and  then  (verhaps  any  comments  generated 
from  Harry’s. 

DR.  C'OSTAIN;  I think  it’s  probably,  better  that  I comment  on  what  Harry  I’eters 
says,  in  leference  to  the  National  Standarils  Laboratories  on  primary  cesiums. 

We  are  beginning  to  think  perhaps  it’s  time  to  lake  the  primary  cesiums  into  the  field 
or  at  least  get  online  with  communications  aiul  navigations  systems  from  the  Standard 
l.aboratories. 
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MK  losori  I ^^ant  to  t.iki.'  Mr.  Allen’s  eomineiil  or(|uestion  lirst,  then  {.'o  to 
Dr  Winkler. 

DR  M.1,1  N I he  point  that  Harry  Peters  makes  I think  is  an  extremely  valuable  one. 
I he  lone-term  linker  lloor  as  it’s  sometimes  ealleil  I think  really  is  almost  always  environ- 
ment.illy  imhieeil.  It  yam  ean  eharaeteri/.e  this,  it’s  an  extremely  important  thiny:. 

Alone  those  lines  the  eomment  I really  wanteil  to  make  is  that  it  all  ot  these  very 
niee  hyalrogen  masers  tiuit  have  lone  life,  that  exist  at  these  various  observatories,  could 
be  tied  into  the  international  time  scale,  this  would  be  very  valuable  in  understaiulini! 
the  ir  lone-term  perlormanee.  what  kind  ot  environmental  sensitivities  aiul  ilril'ts  they  have. 

1 think  this  would  elo  two  things.  One.  it  would  help  us  to  uiKlerstaiul  their  long- 
term performance.  It  would  also  help  them  when  they  go  to  eieeorrelatc  the  ilata  because 
they  .ire  sy  nchroni/eil  anel  they  know  where  they  are  in  time;  it  takes  less  computer  time 
to  search  to  know  w here  they  are  because  all  of  the  clocks  in  the  system,  as  it  were,  are 
sy  m hrom/ed  to  the  same  scale. 

I think  there  .ire  those  two  advantages. 

One  further  point  that  I would  like  to  make  is  that  I think  there  is  a little  bit  ot  com- 
parison ot  apples  and  oianges.  when  we  talk  about  the  same  basis  that  Dr.  Reder  is,  I think, 
reterrmg  to. 

We  must  keep  in  mind  that  most  ot  the  cesiums  out  are  commercial  cesiums.  It’s 
rc.illy  not  ipiite  lair  to  compare  a production  tnoilel  with  these  hyilrogen  devices  which  are 
pul  together  by  experts,  / he  people  w ho  are  not  production  line  r>perator.s. 

MR  I OSQl  K:  Dr  Winkler,  Protessor  Ramsey.  Dr.  Winkler  defers  to  you. 

DR  R WISP  Y:  I his  was  a minor  comment  on  Allen’s  comment.  It’s  i|uite  true,  this 
IS  .1  very  ni.iior  iliflerence  in  comparisons;  but  the  argument  goes  both  ways.  I think  m 
ir.my  respects  the  commercial  ones,  those  in  commercial  ilevelopment.  have  many  ailvan- 
I 'c„  ( jne  ot  the  things  hyilrogen  masers  have  sutfered  most  from  has  been  that  their  has 
.Ml  been  until  tpiite  recently  any  major  effort.  I'hey  have  been  essentially  hand-produced 

. mes. 

In  our  lab  at  least  experts  do  rather  less  well  than  the  routine  people.  Since  this  is 
N.o.il  Rese.irch  1 aboralory.  this  was  certainly  true  when  I was  involved  in  radar  work  at 
Ml  I N.ivy  sailors  could  do  a lot  better  with  production  radars  Ilian  we  could  ever  do  in 
the  l.ib  when  wc  were  developing  them. 

VIR  lOSt.jl'P:  I think  Dr  W inkier  wishes  to  speak. 

DR  VMNkLPR  I completely  agree  with  Protessor  Ramsey  about  that.  It  is  a two- 
way  altair  and  there  are  advantages  and  disadvantages.  Hut  one  going  back  to  Dr. 

Klepc/y nski’s  remarks,  it  you  take  a high  performance  cesium  clock  to  the  lab  and  im- 
mediately start  making  |•terlormance  checks,  you  will  be  immediately  disappointed.  In  the 
lirst  cou[)le  hours  there  is  a temperature  shock  usually  involved  and  you  have  shilts  in  the 
various  circuits  imposed  upon  whatever  performance  disturbances  you  may  have.  So  1 
would  discount  that  completely. 

Hut.  Dr.  ( ostain.  how  much  would  he  a five  meter  long  cesium  it  we  would  ask  you 
to  produce  one,  how  much  would  it  be'.’ 
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1)K.  C'OS'I  \IN:  \Sc  ;irc  >’oin[:  i1k‘  otlicr  w;i\ . (.•sscnt i;illy  two  meter  overall. 

I)K.  VMNKl.rU:  \1a\he  you  ilo  gel  into  the  eesium  InismeNs  aiul  you  lieeome  a eom- 
petitive  produeer.  Ilonesllv . do  you  have  any  eNtimale  lor  the  amount  ol  money  winch 
Was  necessary  to  pul  logetliera  large  slaiiilard  ’ 

1)K  ( OSI  \IN:  I think  a long  heam  primary  standard  could  he  produceil  at  the 
scale  ol  a do/en  or  so  lor  S I 21), 1)00.  S 1 .^0.000. 

MR.  JOSUHh:  NVell.  this  has  been  very  interesting  and  certainly  enlightening  to  me 
anil  I hope  to  many  oT  you  in  the  audience. 

I see  that  we  have  already  overrun  our  time  by  a lew  minutes,  and  as  much  as  we 
might  wish  to  continue  tor  a lew  more  questions.  I believe  unless  there  is,  as  Prolessor 
Ramsey  said,  a really  important  question  out  there  in  the  audience,  perh.ips  we  better 
told  up  this  panel. 

I thank  you.  gentlemen,  lor  participating  in  the  panel  discussion. 

We  will.  1 think  we  have  a colTee  break  now;  then  we  will  resume  in  session  5. 

( Recess. ) 
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SPECIAL  PURPOSE  ATOMIC  (MOLECULAR)  STANDARD* 

David  J.  Wineland,  David  A.  Howe,  and  Helmut  Hellwig 

Frequency  & Time  Standards  Section 
National  Bureau  of  Standards 
Boulder,  Colorado  80302 


ABSTRACT 


A special  purpose  frequency  standard  and  clock  is  being 
developed  featuring  a novel  combination  of  stability  and  accuracy 
performance,  shock  and  temperature  insensitivity,  instant  turn  on 
characteristics  and  featuring  low  weight,  power  consumption,  and 
potentially  low  fabrication  costs. 

This  new  device  is  based  on  the  well-known  3-3  transition  in 
ammonia  (~  23  GHz)  which  provides  the  frequency  reference  for  a 
- 0.5  GHz  oscillator.  The  oscillator  signal  is  multiplied  in  one 
step  to  K-band  and  injected  into  a waveguide  cell  containing 
armonia.  The  absorption  feature  is  used  to  frequency  lock  the  0.5 
GHz  oscillator  to  line  center.  A fixed  output  frequency  between 
5 and  10  MHz  is  provided  by  direct  division  from  0.5  GHz.  The 
0.5  GHz  oscillator  is  a novel  strip-line  transistor  oscillutor  of 
high  spectral  purity.  It  may  not  only  be  important  for  our  stan- 
dard but  also  for  other  atomic  standards  where  acceleration  and 
irradiation  problems  are  encountered.  The  absorption  device  may 
well  be  able  to  fill  a metrology  need  not  satisfied  by  presently 
available  atomic  and  quartz  crystal  standards. 

Design  goals  of  the  present  project  are  IC"^*^  stability  from 
~ 10  sec.  to  10^  sec,  and  10"’  absolute  accuracy.  The  rather 
broad  linewidth  of  ammonia  (~  100  kHz)  reduces  overall  resolution 
but  allows  a short  (''  1 ms)  servo  attack  time  thus  reducing  the 
acceleration  sensitivity  of  the  primary  0.5  GHz  oscillator.  Work- 
ing at  low  pressure  (<  10~'^  Torr  r 1.33  x 10"^  Newton/m^)  reduces 
temperature  sensitivity  to  an  acceptable  level.  Power  consump- 
tion should  be  ''  3 W and  expected  size  of  a working  device 
-10^  cm^. 


* This  research  was  supported  by  the  Advanced  Research  Projects 
Agency  of  the  Department  of  Defense  and  was  monitored  by 
ARPA  under  Contract  #3140. 
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INTRODUCTION 


The  Special  Purpose  Atomic  Standard  Project  has  developed  from  a 
need  for  a frequency  standard  satisfying  specific  requirements  not 
found  in  other  precision  oscillators.  Briefly,  currently  available 
precision  oscillators  can  be  divided  into  two  classes:  the  quartz 

crystal  oscillators  and  atomic  "clock"  oscillators.  The  quartz  crystal 
oscillators,  while  having  good  short-term  stability  and  low  cost 
($0.5K  to  $2000  for  high-quality  units)  suffer  three  major  drawbacks: 

(1)  The  frequency  is  not  fundamental  and  is  related  only  to  the  macro- 
scopic dimensions  of  the  quartz  crystal.  Therefore,  calibration  is 
required  initially  and  subsequent  recalibration  is  required  due  to 
"aging"  of  the  crystal.  Aging  rates  of  1 part  in  10^  (fractional  fre- 
quency change)  per  year  are  considered  good.  (2)  The  crystal  oscillator 
is  sensitive  to  vibration  and  shock.  These  environmental  factors 
affect  the  macroscopic  dimensions  of  the  crystal  and  therefore  can 
cause  step  shifts  in  frequency.  (3)  The  quartz  crystal  oscillator  is 
temperature  sensitive  and  requires  significant  warm-up  time  to  achieve  a 
stable  output  frequency. 

Atomic  oscillators  provide  stabilities  from  one  part  in  10^0  to 
one  part  in  lo”  per  year.  Their  cost  ranges  from  $3,000  to  above 
$20,000  depending  upon  performance.  Their  high  frequency  stability 
and  accuracy  make  recalibration  unnecessary  for  most  applications. 
However,  the  use  of  presently  available  atomic  oscillators  in  place  of 
crystal  oscillators  for  the  purpose  of  avoiding  recalibration  routines 
or  reducing  environmental  sensitivity  is  technical  "overkill,"  since 
the  excellent  performance  of  today's  atomic  oscillators  (obtained  at 
high  cost)  is  not  required  for  many  applications.  In  addition,  their 
warm-up  time  is  slow;  and  their  performance  under  severe  environmental 
conditions  (acceleration,  vibration,  temperature,  barometric  pressure 
and  magnetic  fields)  is  inadequate  for  some  applications. 

Therefore,  a special  purpose  oscillator  or  clock  with  frequency 
accuracy  in  the  10"^  range  and  frequency  stability  in  the  10"'^  to 
lO"''  range  would  satisfy  the  needs  of  many  technical  applications  if 
low  cost  and  insensitivity  to  environment  could  be  obtained.  Fig.  1 
(solid  line)  shows  the  frequency  stability  desired  in  the  present  work. 

In  order  to  meet  the  above  requirements  we  might  hope  to  look  for 
a system  which  incorporates  the  desirable  features  of  both  the  atomic 
oscillators  (high  accuracy,  stability)  and  crystal  oscillators  (low 
cost)  and  includes  features  of  environmental  insensitivity  and  possible 
^ast  wann-up.  Since  we  do  not  require  ultimate  accuracy  and  stability, 
we  might  make  sacrifices  in  this  regard.  We  have  chosen  as  the  fre- 
quency reference  the  (3-3)  transition  in  amtDonia  N^^H^  gas  (~  23  GHz) 
which  is  contained  in  a simple  closed  cell.  Historically,  this  same 
scheme  was  used  in  the  first  "atomic"  clock  in  1948  [2].  Research  on 
this  basic  device  was  pursued  until  about  1955  but  was  discontinued 


then  because  new  methods,  although  more  complicated,  promised  better 
accuracies  and  stabilities  than  a gas  cell  absorption  device.  In  1955, 
the  accuracy  of  an  ammonia  device  was  about  5 parts  in  10^  with  approxi- 
mately 1 part  in  lO^  stability,  and  the  apparatus  was  quite  complicated 
and  expensive,  suitable  only  as  a laboratory  instrument  [3].  However, 
since  that  time,  vast  improvements  have  been  made  in  RF  and  microwave 
electronics;  these  coupled  with  new  insights  into  the  electronic  and 
physical  problems  encountered  suggest  that  the  ammonia  absorption  cell 
idea  could  be  used  to  provide  the  "special  purpose"  oscillator  described 
above. 

The  basic  scheme  used  for  the  standard  is  shown  in  Fig.  2.  For 
simplicity  and  economy,  the  primary  oscillator  in  the  system  is  at  -.5 
GHz.  With  this,  one  can  multiply  in  one  step  to  ~23  GHz  with  ample  out- 
put power  to  detect  the  ammonia  transition.  In  addition,  one  can 
directly  divide  the  .5  GHz  signal  to  produce  a fixed  output  frequency 
between  5 and  10  MHz,  which  is  harmonically  related  to  the  ammonia 
transition  frequency. 

APPROACH 

It  might  be  possible  to  use  an  existing  atomic  oscillator  (rubi- 
dium, hydrogen,  cesium)  to  accomplish  the  goals  of  the  special  purpose 
frequency  standard.  However,  the  increased  complexity  and  sophisti- 
cation of  these  devices  which  results  in  their  superior  performance 
are  just  the  factors  which  increase  their  cost  and  decrease  their  reli- 
ability in  an  adverse  environment.  This  sophistication  is  introduced 
primarily  to  make  the  reference  transition  free  from  first-order  Doppler 
broadening.  This  results  in  increased  line-Q  and  therefore  increased 
accuracy  and  stability.  In  the  approach  chosen  here  we  contain  the 
reference  "atom,"  the  ammonia  molecule,  in  a closed  waveguide  cell. 

The  linewidth  is  limited  by  Doppler  broadening  to  give  a fundamental 
upper  limit  on  line  Q >.  3 x 10^.  This  can  be  compared  to  the  line  Q's 
of  the  high  performance  atomic  oscillators  [4]: 

Q(Rb)  ~ 3 X 10^  Q(H)  ^ 10^  Q(Cs)  ~ 3 x 10^ 

Therefore,  sacrificing  resolution,  we  obtained  a much  simpler  system 
resulting  in  a significantly  reduced  cost  and  increased  reliability. 
Also,  the  lower  line  Q allows  fast  servo  loops  within  the  standard, 
thus  reducing  acceleration  sensitivity. 

( a ) Microwave  _Sou r^ 

In  specifying  a possible  fundamental  oscillator  for  the  stan- 
dard, one  has  reasons  for  not  using  a microwave  oscillator.  They  are: 
(1)  Fundamental  oscillators  at  K-band  draw  too  much  power,  are  too  ex- 
pensive, and  are  not  stable  enough  (by  a factor  of  at  least  10)  in  short 
term  to  be  useful  as  a primary  oscillator.  (2)  In  order  to  compare  an 
output  frequency  of  between  5 and  10  MHz  to  the  ammonia  transition 
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frequency  we  require  a multiplier  chain.  (Note  that  few  dividers  ex- 
ceed 1 GHz  input  frequency;  therefore,  we  could  not  divide  directly 
from  -.23  GHz.)  The  development  of  a special  -.5  GHz  oscillator  is 
more  practical  as  shown  in  the  diagrams  of  Figs.  2 and  3. 

(b)  Gas  Cell 

The  advantages  of  using  the  ammonia  gas  cell  as  a reference 

are: 

(1)  The  microwave  transition  of  interest  provides  an  absorption 
signal  which  is  orders  of  magnitude  stronger  than  those  of  other  inter- 
esting molecules  or  atoms  [5].  This  is  a significant  advantage  because 
it  means  that  the  desired  signal -to-noise  is  obtained  without  resorting 
to  impractical ly  large  microwave  cell  sizes  as  would  be  necessary  for 
amost  any  other  gas. 

(2)  Since  ammonia  remain^  in  the  gas  phase  for  the  temperature 
range  of  interest  (-40'  to  +60  C)  the  device  has  instant  turn-on 
capability.  One  must,  however,  note  the  existence  of  a pressure  (there- 
fore temperature)  dependent  frequency  shift;  this  is  discussed  more 
fully  below. 

(3)  The  frequency  of  the  ammonia  transition  is  fundamental  in 
nature  and  therefore  essentially  eliminates  the  need  for  calibration 
of  the  device. 

(4)  The  ammonia  transition  linewidth  is  fairly  broad  (-100  kHz). 
This  is  a disadvantage  in  terms  of  the  ultimate  accuracy  obtainable, 
but  it  allows  the  primary  oscillator  to  be  locked  to  the  ammonia  refer- 
ence in  very  short  times  (<  1 ms).  The  advantage  is  that  the  vibration 
sensitivity  of  the  primary  -.5  GHz  oscillator  is  reduced  by  as  much  as 
the  open  loop  gain  of  the  servo  system  at  the  vibration  frequency  of 
interest.  Such  a technique  is  not  feasible  with  other  currently  avail- 
able high  precision  oscillators  because  of  the  inherent  narrow  line- 
widths. 

RESULTS 

(a)  Introduction 


For  ease  of  discussion  and  clarity,  it  is  convenient  to 
divide  the  system  into  four  components: 

(1)  -.5  GHz  primary  oscillator  and  divider. 

(2)  -.5  GHz  to  23  GHz  multiplier, 

(3)  ammonia  gas  cel  1 , 

(4)  servo  electronics  and  integrated  system. 


(b)  .5  GHz  primary  oscillator  and  divider 


In  reviewing  the  possible  oscillator  designs,  it  appeared  that 
an  oscillator  using  a simple  LC  resonator  should  be  investigated.  Ad- 
vantages to  this  design  include: 

(1 ) wide  tunability, 

(2)  continuous  operation  under  very  adverse 
conditions  (shock,  vibration), 

(3)  good  short-term  stability, 

(4)  low  cost. 

An  oscillator  was  developed  operating  at  about  0.5  GHz  and  having  a 
free-running  stability  as  shown  in  Fig.  1.  The  curves  include  a divider 
chain  (i-  100)  after  the  .5  GHz  oscillator.  These  data  were  computed 
using  the  two-sample  variance  for  different  averaging  times  [1].  The 
bandwidth  of  the  measurement  system  affects  the  variance  in  the  case  of 
white  and  flicker  of  phase  type  noise;  therefore,  two  curves  are  plotted 
around  the  averaging  times  of  interest  (~10  ms).  The  oscillator  features 
a P.C.  board  etched  strip  as  a transmission  line  resonator  (stripline 
resonator).  In  the  design  of  a high-performance  stripline  oscillator, 
we  must  address  three  principal  problems  [6]: 

(1)  minimization  of  resonator  losses, 

(2)  minimization  of  additive  transistor  noise,  and 

(3)  shock  and  vibration  isolation  of  the  resonator. 

There  are  other  problems  which  must  be  looked  at,  but  these  three  repre- 
sent the  major  contributors  to  degradation  in  stability. 

Radiative  loss  is  minimized  by  adopting  a three-layer  sandwich  etch 
technique.  In  this  design,  two  ground  planes  are  used  on  the  top  and 
bottom  surfaces  of  the  P.C.  board  with  the  stripline  centered  in  the 
dielectric.  Fig.  4 shows  a cross-section  of  the  line.  Fiberglass-teflon 
is  used  for  the  dielectric  which  has  a small  loss  tangent  of  about 
10"^,  thus  keeping  loss  at  a minimum.  Thestripline  itself  is  a 7 cm 
length  of  copper  which  is  1 cm  wide  and  2 mm  thick.  Contact  resistance 
is  minimized  by  using  silver-solder  on  all  connections.  The  unloaded 
Q of  the  line  resonator  at  .5  GHz  is  about  400,.  Loaded  Q of  the  reso- 
nator is  maximized  by  the  use  of  a field-effect  transistor  as  the  active 
element  [7].  It  is  chosen  to  have  a high  forward  transconductance  and 
a high  cut-off  frequency. 

Additive  transistor  noise  is  due  primarily  to  low  frequency  (near 
carrier)  flicker  noise  behavior  and  high  frequency  (far  from  carrier) 
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white  phase  noise.  Flicker  behavior  is  difficult  to  characterize  in 
many  instances.  Helpful  in  the  reduction  of  flicker  noise  is  a transistor 
which  is  manufactured  with  care  and  in  a clean  environment,  since  flicker 
noise  may  relate  to  sporadic  conductance  through  the  device  due  to 
impurities.  White  phase  noise  is  usually  associated  with  thermal  noise 
due  to  operation  of  the  device  at  room  temperatures.  One  can  then 
resort  to  devices  capable  of  higher  current  densities  in  order  to  in- 
crease signal -to-noise.  P tradeoff  exists  between  white  phase  and 
flicker  noise,  however,  since  higher  device  currents  usually  aggravate 
the  flicker  noise  problem.  'sually,  we  arrive  at  a compromise  solution 
which  depends  directly  on  the  application  of  the  oscillator.  The  curves 
shown  in  Fig.  1 represent  a much  higher  device  drive  level  than  is 
common  in,  say,  quartz  crystal  oscillators. 

At  frequencies  around  .5  GHz,  transistor  package  parameters  (induc- 
tance and  capacitance)  and  stray  parasitic  elements  such  as  connecting 
lead  inductance  and  stray  capacitance  all  contribute  to  the  fundamental 
resonance.  If  one  is  to  achieve  a relative  frequency  stability  approach- 
ing 1 X 10"^,  then  it  is  imperative  to  maintain  resonator  inductance  and 
capicatance  values  stable  to  this  level.  The  greatest  deterrent  to 
maintaining  high  inductive  and  capacitive  stability  is  vibration  sensi- 
tivity of  the  oscillator.  This  problem  of  microphonics  has  been  reduced 
by  using  the  three-layer  P.C  board  and  rigidly  mounting  all  components 
and  leads  with  a low-loss  doping  compound.  The  oscillator  is  in  turn 
rigidly  fixed  to  an  aluminum  block  which  acts  as  the  shield  for  the 
components.  The  test  block  weighs  about  3 kg.  Depending  on  the  applica- 
tion, one  can  rigidly  mount  or  soft  mount  the  oscillator  into  a system. 

If  rigidly  mounted,  structure-born  vibration  is  directly  applied  to  the 
oscillator.  A soft  mount  designed  to  isolate  the  oscillator  from  vibra- 
tion can  reduce  the  transmitted  vibration  at  higher  frequencies  at  the 
cost  of  increasing  the  vibration  sensitivity  at  a lower  frequency. 

Damping  material  can  also  be  used  to  alter  the  vibration  response. 

In  the  ammonia  standard,  the  problem  of  vibration  sensitivity  of  the 
fundamental  oscillator  is  only  significant  in  extreme  cases  of  shock  and 
vibration  where  the  dynamic  range  of  the  servo  system  is  exceeded  or  the 
period  of  the  vibration  is  shorter  than  the  servo  attack  time.  The  servo 
attack  time  can  be  smaller  than  .1  ms,  since  the  NH3  resonance  is 
wider  than  10  kHz.  Thus,  the  design  of  the  oscillator  mount  should  yield 
a vibration  response  in  which  frequencies  of  10  kHz  and  above  are  suit- 
ably attenuated. 

( c ) Step  recovery  diode  multipl  ij_r 

It  is  desirable  to  make  a multiplier  module  with  fairly  low 
output  Q (0  --  10)  and  output  power  - 100  pW.  We  have  used  state-of-the- 
art  step-recovery  diodes  in  a waveguide  multiplier  module.  In  simplest 
terms,  the  problem  is  one  of  impedance  matching  for  both  the  input  and 
output  frequencies.  For  example,  for  the  input  circuit  (~  .5  GHz)  the 
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dynamic  diode  impedance  is  Z ~ 1^.  Therefore,  two  it  section  transformers 
were  cascaded  to  match  to  the  50J  output  impedance  of  the  .5  GHz  amplifier. 
Approximately  0.5  to  0.75  W input  power  is  needed  to  "snap"  the  diode 
properly.  To  accomplish  this,  a microstrip  hybrid  class  "C"  amplifier 
was  used.  The  amplifier,  microstrip  matching  circuit  and  multiplier 
module  were  integrated  into  one  package  in  order  to  avoid  instabilities 
due  to  connections.  The  output  circuit  is  composed  of  a shorting  stub 
and  iris  coupling  to  form  a cavity  Q _ 10  with  the  diode  matched  to 
the  characteristic  impedance  of  the  narrow  height  waveguide.  In  the 
interest  of  rigidity  and  simplicity,  shims  were  used  rather  than  movable 
plungers.  With  ^0.6  W input  power  to  the  diode,  output  power  as  shown 
in  Fig.  5 was  obtained.  This  power  is  more  than  5 times  what  is  needed 
in  the  system. 


( d ) Animo_n_i_a_  ^a^  cell 


The  ammonia  gas  cell  is  straightforward  in  principle  but  must 
be  refined  to  compensate  for  those  effects  which  influence  frequency 
stability  and  accuracy.  For  initial  experiments,  relatively  short  cells 
(50  cm  - 100  cm  long)  were  constructed  of  K or  X band  waveguide.  In 
order  to  study  pressure  related  effects  (i.e.,  broadening  and  shifts), 
a flow  system  was  constructed  as  shown  in  Fig.  6.  The  waveguide  cells 
are  sealed  using  mica  windows  and  indium  seals. 

( e ) Pressure  r£b  1 ents 

It  should  be  noted  th^'  standard  X or  K band  cells  with  copper 
surfaces  are  not  suitable  for  i inal  pernenently  sealed  cells.  This  is 
because  ammonia  sticks  to  most  surfaces  (including  copper).  This 
accentuates  the  pressure  shift  because  the  gas  density  also  increases 
with  temperature.  If  there  were  no  pressure  shift,  we  would  like  to 
operate  at  a pressure  as  high  as  possible  but  not  have  the  line  be 
broadened  by  pressure.  This  occurs  for  p -A  N/rn^  (1  Torr  _ 133  N/m^). 
We  have  measured  the  shift,  and  it  has  been  previously  reported  [9] 
that  the  fractional  frequency  shift  due  to  pressure  is: 
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where  p is  in  N/m  . Therefore,  if  we  operated  at  a pressure  of 
.7  N/m^  we  incur  an  absolute  frequency  shift  of  10“'.  In  order  to 
obtain  10“^  accuracy,  we  would  need  to  know  the  pressure  to  1 percent. 
For  the  long-term  stability  goal  of  10“^^,  we  would  have  to  hold  the 
temperature  of  the  gas  to  0.3°C  (assuming  no  sticking  of  ammonia  to 
the  walls). 


Three  approaches  exist  to  overcome  these  basic  pressure  effects: 

(1)  We  must  first  ensure  that  sticking  on  the  walls  is  kept  to  a mini- 
mum. To  minimize  this  effect,  a suitable  "non-sticky"  surface  will  be 
sought;  for  example,  tests  have  begun  using  teflon-  and  paraffin-coated 
cell  walls. 

(2)  The  temperature  effect  can  also  be  reduced  by  operating  at  a lower 
pressure.  This  degrades  signal-to-noise  but  can  be  compensated  by  in- 
creasing cell  size.  If  we  operate  at  a pressure  of  1.3  x 10"2  Newton/m'^ 
(~10'^  Torr)  and  if  ammonia  "sticking"  can  be  kept  to  a minimum,  we 
would  expect  a basic  temperature  sensitivity  of  6 x 10”*V°C.  This  is 
to  be  compared  to  the  basic  (uncompensated)  temperature  sensitivity  of 
the  rubidium  atomic  clock,  which  is  about  1 x 10"'^/°C. 

(3)  Compensation  schemes  can  be  used  whereby  the  pressure  is  sensed 
and  compensation  is  made  in  the  output  frequency. 

Since  the  projected  cell  size  may  be  as  large  as  1000  cm'’,  we 
must  employ  schemes  to  make  it  convenient  in  a compact  package.  A 
straightforward  way  to  make  the  cell  larger  is  to  make  it  longer.  We 
can  then  form  it  into  a spiral.  Our  preliminary  experiments  use  glass 
tubes  which  are  metal  plated  on  the  outside  (forming  circular  cross- 
section  waveguide)  and  are  formed  into  spirals  ('25  cm  diameter)  and 
mated  to  standard  waveguide  flanges. 

Servo  electronics  and  integrated  system 

Although  the  performance  of  the  device  is  not  high  when  compared 
to  a state-of-the-art  atomic  clock,  the  demands  on  the  servo  system 
in  the  final  system  are  rather  high.  This  is  because  we  are  trying  to 
resolve  the  rather  broad  resonance  feature  (i.e.,  "split  the  line")  to 
about  10'^  or  0.001  percent.  This  is  within  an  order  of  magnitude  of 
the  servo  requirements  on  a laboratory  cesium  standard.  This  means  we 
must  be  particularly  careful  about  harmonic  distortion  in  the  FM  modu- 
lation used  and  about  D.C.  offsets  in  the  feedback  integrators.  The 
most  important  problems  which  we  face  are:  (a)  frequency  pulling  due  to 

frequency  dependence  in  the  source  output  power  and  detected  power 
(source-detector  profile),  (b)  frequency  pulling  due  to  the  resonant 
cavity  seen  by  the  annonia  (cavity  pulling). (c)  frequency  pulling  due 
to  ammonia  line  distortion,  and  (d)  frequency  pulling  due  to  offset 
voltages  and  distortions  in  the  servo  electronics  (servo  offsets). 

In  Fig.  2,  the  basicscheme  is  illustrated.  FM  modulation  (1-10  kHz) 
is  used  on  the  .5  GHz  oscillator;  the  servo  demodulates  the  detected 
microwave  signal  and  forces  the  multiplied  oscillator  to  line  center. 

( a ) Source-det ector-prof i le 

The  source  power  output  and  detector  efficiency  are,  in 
general,  frequency  dependent;  thus  the  observed  transition  rides  on  top 
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of  a broad  profile.  Because  this  background  may  have  a slope  and  curva- 
ture at  the  transition  frequency,  it  may  distort  the  line  slightly  and 
cause  a frequency  shift.  Since  this  background  profile  may  change  in 
time  (due,  for  example,  to  temperature  change),  it  affects  both  long- 
term stability  and  accuracy.  To  solve  this  problem,  we  borrow  a tech- 
nique used  in  stabilized  laser  work  [10].  We  can  demodulate  the  third 
harmonic  of  the  FM  rather  than  the  fundamental.  By  doing  this  we 
can  null  the  third  derivative  of  the  slope  to  a high  degree  rather 
than  first.  This  is  useful  because  it  lowers  the  profile  pulling  by 
approximately  the  square  of  the  ratio  of  the  background  curvature  to 
the  curvature  of  the  resonance  line.  The  effects  of  such  a 3rd  harmonic 
lock  are  shown  in  Fig.  1,  where  a definite  improvement  in  stability 
is  observed  (until  other  effects  dominate). 

(b)  Cavity  pulling 

This  is  a familiar  problem  in  all  atomic  clocks  to  varying 
degrees  and  has  been  documented  elsewhere  [11].  Very  simply,  the 
ammonia  and  microwave  cavity  form  a system  of  coupled  oscillators. 
Therefore,  varying  the  frequency  of  one  (say  the  cavity)  changes  the 
observed  frequency  of  the  other  (amnonia  transition).  We  have 


V (observed)  - 


where 
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unperturbed  ammonia  frequency, 
microwave  cavity  Q, 
ammonia  transition  Q. 
cavity  frequency,  and 

a parameter  near  1 which  depends  on  the  FM  harmonic 
observed  and  on  the  FM  amplitude. 


Ideally,  the  pulling  effect  could  be  eliminated  by  using  a cell  con- 
sisting of  a piece  of  waveguide  terminated  by  its  characteristic  impedance 
at  all  frequencies.  However,  the  difficulty  in  designing  such  apparatus 
due  to  various  parasitic  effects  present  under  practical  conditions  pre- 
cludes the  use  of  such  a cell.  The  importapce  of  this  effect  can  be  illus- 
trated by  example;  if  Q^-  =,  50,  Qj^  ^ 2 x 10^  we  would  have  to  tune  the 
cavity  to  .02  percent  of  its  linewidth  to  achieve  10"^  accuracy;  tem- 
perature sensitivity  would  be  ~10"°/°C  for  a copper  cavity.  Both  of 
these  problems  are  circumvented  by  servoing  the  center  of  the  cavity  to 
line  center.  This  can  be  accomplished,  knowing  that  K in  the  above 
expression  is  different, if  we  lock  to  the  3rd  harmonic  rather  than  the 
5th  harmonic  (extension  of  the  3rd  harmonic  technique). 
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Therefore,  as  shown  in  Fig.  3,  we  use  the  3rd  harmonic  to  lock  the 
oscillator  to  the  apparent  line  center,  then  use  the  5th  harmonic  to 
, lock  the  cavity  to  t oscillator.  This  ensures  that  (v.  - v^)  = 0 in 

the  above  expression  and  therefore  eliminates  cavity  pulling. 

( c ) Fundamental  line  distortion 

The  N^^H3  (3-3)  transition  is  slightly  asymmetric  due  to 
quadrupole  hyperfine  structure  in  the  molecule  [5].  Therefore,  the 
apparent  center  frequency  of  the  line  depends  on  FM  amplitude  and  micro- 
wave  power;  stability  is  correspondingly  affected  as  these  parameters 
change.  We  therefore  use  the  (3-3)  transition  in  which  is  free 

of  these  fundamental  distortions  and  for  which  a well-defined  center 
frequency  exists.  (Initial  tests  have  also  used  the  isotope.) 

( d ) Servo  offsets 

At  the  present  time,  2nd  harmonic  FM  distortion,  voltage  offsets 
and  voltage  offset  drifts  in  the  servo  system  along  with  the  pressure 
shift  problem  seem  to  limit  long-term  stability.  For  example,  an  offset 
voltage  can  exist  on  the  input  of  the  first  integrator  in  the  third 
i harmonic  loop  (see  Fig.  3).  With  the  system  locked,  a residual  3rd 

harmonic  signal  must  be  present  to  provide  a D.C.  level  out  of  the  mixer 
to  compensate  this  offset.  To  reduce  these  offset  problems,  digital  de- 
modulators are  being  investigated. 

ENVIRONMENTAL  FACTORS 

Sensiti'ity  to  environmental  factors  is  most  easily  detennined 
experimentally,  and  this  will  be  straightforward  once  some  of  the 
obvious  pro.-lems  limiting  long-term  stability  are  solved.  Nevertheless, 
theoretical  estimates  can  be  made  of  magnetic  field  and  electric  field 
sensitivity,  and  other  remarks  are  appropriate  for  vibration  and  tempera- 
I ture  sensitivity. 

, Magnetic  fields 

I First-order  Zeeman  effects  cause  a splitting  of  the  line  on  the 

order  of  10  MHz  per  Tesla.  This  splitting  is  symmetric  and  therefore 
causes  only  (usually  negligible)  broadening  except  that  some  asymmetry 
' may  be  present  due  to  slight  differences  of  the  Zeeman  effect  (uncoupling 

{ of  the  spins)  in  the  two  inversion  levels.  This  asymmetry  may  be  of 

f the  order  of  1 Hz  at  10"'^  Tesla.  Measurements  need  to  be  made  to  quanti- 

tatively  assess  this  effect.  The  worst  anticipated  outcome  is  the  need 
• for  one  simple  magnetic  shield  for  some  applications  in  very  high  fields. 

The  second-order  Zeeman  effect  is,  of  course,  exceedingly  small:  the 

relative  shift  is  about  2 x 10”^  H^  (H  in  Tesla)  and  thus  is  negligible). 
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tlectric  fields 


Electric  fields  are  only  of  importance  in  the  construction  details 
of  the  gas  cell  where  thermo-electric  and  contact  potential  problems 
may  be  present.  A worst  estimate  can  be  based  on  the  most  sensitive 
hyperfine  component  of  the  (3-3)  line;  for  this  we  have  a relative  shift 
of  about  10"^  E'^  (E  in  V/cm).  Since  electric  fields  surely  can  be  limi- 
ted to  less  than  0.1  V/cm,  we  do  not  anticipate  any  problems. 

Temperature  sensitivity 

This  has  already  been  discussed  above.  For  best  performance  it  may 
be  necessary  to  p'^ovide  some  minimal  temperature  compensation  (i.e.,  a 
frequency  compensation  based  on  the  temperature).  At  least  a factor  of 
ten  improvement  could  be  expected  here;  this  would  then  reduce  the  over- 
all temperature  sensitivity  by  a factor  of  ten. 

Vibration  sensitivity 

It  is  difficult  to  predict  a priori  what  the  limits  to  vibration 
sensitivity  will  be,  since  in  many  cases  they  vary  with  mechanical 
construction  imperfections  which  are  most  easily  eliminated  directly. 
However,  some  general  comments  could  be  made  in  this  regard.  To  a high 
degree  the  ammonia  cell  and  servo  electronics  should  be  vibration  insen- 
sitive. We  can  expect  then  that  the  vibration  sensitivity  of  the  500  MHz 
primary  oscillator  should  be  reduced  by  the  open  loop  gain  of  the  feed- 
back servo.  Therefore,  if  the  attack  time  of  the  servo  is  i = 0.1  ms, 
tnen  the  vibration  sensitivity  of  the  locked  oscillator  at  say  100  Hz 
should  be  reduced  by  a factor  of  appt'oximately  10^  over  the  free-running 
osci 1 lator. 

OVERALL  PHYSICAL  PARAMETERS 

P ower  requirement s^ 

■'"he  basic  electric  components  of  the  present  standard  configuration 
are  shown  in  Fig.  2.  At  the  present  time,  power  requirements  for  specific 


portions 

are : 

(1) 

.5  GHz  oscillator,  .5 

GHz 

amplifier  with  multi  pi 

ier 

5, 

,5 

W 

(2) 

divider  chain  (■»  100) 

1, 

.0 

w 

(3) 

detector  amplifier  and 

servo 

1 

.0 

w 

7. 

,5 

w 

The  .5  GHz  power  amplifier  is  the  major  drain  on  the  power  supply.  The 
multiplier  step-recovery  diode  needs  about  1 W input,  and  the  efficiency 
of  our  present  amplifier  is  about  20  percent.  In  an  actual  system  we 
could  expect  total  power  requirements  to  be  approximately  half  of  their 
present  value,  or  -3  W. 


Si ze  requirements 


The  lower  limit  on  size  will  primarily  be  limited  by  the  size  of 
the  ammonia  cell.  It  is  expected  that  the  cell  should  occupy  no  more 
than  1 liter  volume;  hence,  the  overall  package  may  be  from  1-?  liters 
in  volume. 

Weight  requirement 

With  proper  choice  of  materials  the  expected  final  package  weight 
should  be  less  than  3 Kg.  For  operation  in  extreme  magnetic  fields, 
shielding  may  have  to  be  included;  this  will  increase  weight  by  approxi- 
mately 1/2  Kg. 
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ABSTRACT 


The  OMEGA  navigation  system  now  has  seven  transmitting  sites  stra- 
tegically located  throughout  the  world.  All  transmissions  are  derived 
from  cesium-beam  standards,  and  each  station  transmits  time-multiplexed 
coherent  bursts  at  10.2,  11  1/3,  and  13.6  kHz.  Thus,  an  observer  at 
some  distant  location  has  an  opportunity  to  track  the  phase  of  three  co- 
herent precision  transmissions  rather  than  just  a single  frequency  as  is 
usually  the  case  (e.g.,  WWVB,  Ft.  Collins).  It  is  shown  that  by  using 
the  phase  information  received  on  all  three  frequencies,  the  observer 
can  compute  a synthetic  group  delay  referred  to  any  arbitrary  frequency 
in  the  10-14  kHz  range.  By  coincidence,  it  works  out  that  the  group  ve- 
locity (and  thus  group  delay)  at  12.5  kHz  is  about  the  same  for  nominal 
day  and  nighttime  conditions.  Thus,  the  group  delay  at  this  frequency 
has  a natural  insensitivity  to  diurnal  variations.  This  Invariance  to 
diurnal  shifts  is  demonstrated  with  actual  OMEGA  data. 

In  a monitoring  application,  it  is  suggested  that  there  might  be  an 
advantage  in  compensating  for  propagation  lag  with  group  delay  rather 
than  the  usual  predicted  phase  delay.  Most  of  the  low-frequency  diurnal 
error  is  eliminated  in  the  synthetically-formed  group  delay,  leaving 
only  relatively  high-frequency  components  to  be  filtered  in  the  residual 
error.  TTiis,  of  course,  simplifies  the  filtering  problem.  It  is  shown 
that  complementary  filter  theory  can  be  applied  to  advantage  in  this  ap- 
plication . 


INTRODUCTION 

The  OMEGA  navigation  system  now  has  seven  transmitting  sites  stra- 
tegically located  throughout  the  world.  When  the  eighth  station 
(Australia)  commences  operation,  the  system  will  be  fully  operational 
with  world-wide  coverage  [IJ.  In  addition  to  its  primary  purpose  as  a 
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navigation  system,  it  also  provides  the  world  with  a common  precision 
time/frequency  reference  system.  All  transmissions  are  derived  from 
cesium-beam  standards,  and  each  station  transmits  time-multiplexed  co- 
herent bursts  at  10.2,  11—1/3,  and  13.6  kHz.  Th’s  makes  OMEGA  unique  as 
a time  reference  system,  because  the  observer  at  a remote  location  has 
an  opportunity  to  track  three  coherent  transmissions  within  a narrow 
frequency  range,  rather  than  the  usual  single  frequency  (e.g.,  WWVB , Ft. 
Collins).  The  availability  of  phase  information  on  multiple  frequencies 
enables  the  observer  to  compensate  for  propagation  variations  on-line, 
if  he  so  chooses.  For  example,  the  well-known  diurnal  shift  is  due  to  a 
change  in  tfie  effective  height  of  the  ionosphere  from  day  to  night.  The 
same  mechanism  that  causes  the  velocity  of  propagation  to  change  also 
causes  different  phase  shifts  at  different  frequencies.  So,  one  can  re- 
verse the  reasoning  and  infer  something  about  the  change  of  velocity  of 
propagation  from  the  measured  phase  shifts  on  two  or  more  frequencies. 

A number  of  on-line  OMEGA  compensation  schemes  have  been  proposed, 
but  it  is  not  clear  as  yet  which  is  to  be  preferred  [2].  On-line  com- 
pensation (in  contrast  to  prediction)  is  especially  attractive  in  the 
navigation  application  because  it  has  the  potential  of  mitigating  unusu- 
al situations,  such  as  sudden  ionospheric  disturbances  (SID),  as  well  as 
the  usual  diurnal  shift.  It  is  suggested  here  that  some  of  these  com- 
pensation ideas  might  be  applied  to  advantage  in  the  precise  time/fre- 
quency application. 

Before  proceeding,  a simple  example  should  help  put  the  precise 
timing  problem  in  perspective.  Obviously,  the  observer  at  a remote  lo- 
cation would  like  to  have  the  equivalent  of  an  expensive  cesium-beam 
standard  in  the  form  of  a simple  radio  receiver.  Unfortunately,  though, 
the  propagation  delay  is  somewhat  "rubbery"  and  relatively  large  errors 
can  occur  over  short  time  periods.  To  illustrate  this,  consider  track- 
ing a 10  kHz  single-frequency  source.  For  long  paths,  a total  phase 
shift  from  day  to  night  of  one  full  cycle  would  not  be  unusual;  and,  if 
this  took  place  over  a span  of  two  hours,  the  apparent  frequency  error 
during  this  period  would  be  about  one  part  in  10“  — a totally  monster- 
ous  error  when  dealing  with  precision  systems.  Obviously,  if  one  leaves 
the  diurnal  shift  uncorrected,  very  long  averaging  times  are  needed  for 
precise  work.  TJie  culprit,  of  course,  is  the  "rubber iness"  of  the  pro- 
pagation medium.  Would  it  not  be  nice  to  be  able  to  "stiffen"  the  me- 
dium soiiieway?  The  remainder  of  this  paper  will  be  directed  toward  on- 
line (in  contrast  to  predictive)  methods  of  accomplishing  this. 


VLF  Wave  Propagation 

Wave  propagation  in  the  VLF  range  is  usually  explained  in  terms  of 
waveguide  theory,  with  the  earth's  surface  and  the  ionosphere  forming 
the  waveguide  boundaries.  For  simple  waveguide  modes,  the  phase  and 
group  velocities  vary  with  frequency  as  shown  in  Fig.  1 (3].  In  the 


Fig.  1.  Phase  and  group  velocities  for  parallel-plane  waveguide. 

DAY  NIGHT 


IONOSPHERE 


PHASE  VELOCITY  DECREASES  ► 

I GROUP  VELOCITY  INCREASES  , 

/■////////////////////////// //V 

OMEGA  RECEIVER 

STATION 


Fig.  2.  Flat  earth  model. 

OMEGA  case,  the  waveguide  height  dimension  is  considerably  greater  than 
the  wavelength,  so  the  lowest  order  mode  is  considerably  above  the  cut- 
off frequency,  f^..  Thus,  the  phase  velocity  is  only  slightly  greater, 
and  the  group  velocity  slightly  less,  than  the  free  wave  velocity.  The 
change  in  ionospheric  height  that  occur  from  day  to  night  (typically, 
from  70  to  90  km)  do,  however,  cause  a shift  in  cutoff  frequency  that 
results  in  changes  In  the  phase  and  group  velocities  of  the  order  of  a 
few  tenths  of  a percent.  The  sketch  of  Fig.  2 shows  a simplified  "flat- 
earth"  model  illustrating  the  transition  from  day  to  night.  It  should 
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be  apparent  that  if  the  phase  and  group  velocities  change  by  equal 
amounts  in  opposite  directions,  then  the  average  of  the  group  and  phase 
delays  would  be  invariant  from  day  to  niglit.  Compensation  for  the  tran- 
sit time  from  transmitter  to  receiver  with  a blend  of  pliase  of  group 
delays  siiould  then  eliminate  the  diurnal  variation.  Tliis  method  of 
on-line  compensation  was  first  suggested  by  J.  A.  Pierce  [4]  and  is  now 
known  as  composite  OMEGA.  Without  going  into  all  the  details  here,  two 
phase  measurements  on  nearby  frequencies  are  needed  to  accomplish  the 
desired  compensation. 

A number  of  variations  on  Pierce's  original  compensation  scheme 
have  been  proposed  recently  [5,6,9J.  Tliese  have  been  necessary  because 
the  original  idea  of  an  equal  blend  of  phase  and  group  delays  did  not 
take  into  account  the  curvature  of  the  earth  as  shown  in  Fig.  3.  It  can 


be  seen  that  even  though  the  phase  and  group  velocities  change  in  oppo- 
site directions,  the  average  delay  is  still  not  invariant  because  the 
mean  path  length  increases  as  the  ionospheric  height  increases.  This 
suggests  giving  group  delay  more  weight  than  phase  delay  in  the  blend- 
ing, and  this  is  borne  out  by  recent  investigations  by  Mactaggart  [6]. 
Carrying  this  line  of  reasoning  a bit  further,  there  might  exist  a con- 
dition where  the  increase  in  path  length  in  going  from  day  to  night 
would  be  exactly  proportional  to  the  increase  in  group  velocity.  This 
is  confirmed  by  theoretical  curves  of  group  velocity  vs.  frequency  given 
by  both  Hampton  [7]  and  Watt  [8]  which  are  reproduced  in  Figs.  4 and  5. 
Mote  that  these  plots  indicate  that  the  day  and  nighttime  group  veloci- 
ties should  be  the  same  for  a frequency  somewhere  in  the  12.5  to  13.0 
kHz  range.  This  crossover  phenomenon  is  unique  with  group  velocity  (in 
contrast  to  phase  velocity)  and  only  occurs  at  one  frequency.  Quite  by 
coincidence,  this  crossover  frequency  occurs  within  the  spectral  range 
of  the  OMEGA  system.  Tills  has  obvious  implications  in  terms  of  elimi- 
nating the  diurnal  shift.  In  principle,  all  one  need  do  is  observe  the 
envelope  of  a modulated  wave  at  say  12.5  kHz  and  its  transit  delay 
should  be  relatively  invariant  from  day  to  night.  This  is  easier  said 
than  done,  though. 

Tliere  is  very  little  direct  experimental  evidence  supporting  the 
theoretical  curves  shown  In  Figs.  4 and  5.  No  doubt  this  is  due  to  the 
difficulty  in  making  precise  envelope  time-of-arrival  measurements  in 
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Fig.  A.  Variation  of  group  velocity  witli  frequency  (Hampton  [7]). 

the  VLF  range.  However,  by  making  simultaneous  phase  measurements  on 
three  or  more  coherent  transmissions  on  nearby  frequencies,  one  can  in- 
fer indirectly  the  group  delay  referred  to  anv  desired  frequency.  Tlie 
procedure  for  doing  this  will  now  be  Illustrated  for  the  three-frequency 
case.  Tlie  extension  to  more  than  three  frequencies  is  obvious. 


Computation  of  Croup  Helay  from  Phase  Delays 


As  a matter  oi  review,  tlu‘  phase 
the  speed  at  which  the  fine  structure 
move.  It  is  given  by  the  equation 


velocity  of  a traveling  wave  is 
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Variation  of  group  velocity  with  frequency  (Hampton  [?]) 


the  VLF  range.  However,  by  making  simultaneous  phase  measurements  on 
three  or  more  coherent  transmissions  on  nearby  frequencies,  one  can  in- 
fer indirectly  the  group  delay  referred  to  any  desired  frequency.  The 
procedure  for  doing  this  will  now  be  illustrated  for  the  three-frequency 
case.  The  extension  to  more  than  three  frequencies  is  obvious. 


Computation  of  Group  Delay  from  Phase  Delays 

As  a matter  of  review,  the  phase  velocity  of  a traveling  wave  is 
the  speed  at  which  the  fine  structure  (individual  cycles)  appears  to 
move.  It  is  given  by  the  equation 
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Fig.  5.  Variation  of  group  velocity  with  frequency  (Watt  [Sj). 

where  u is  frequency  in  radians/sec  and  B is  the  phase  shift  constant. 

On  the  other  hand,  the  group  velocity  is  the  speed  at  which  the  envelope 
(modulation)  appears  to  travel,  and  it  is  given  by  the  inverse  slope  of 
the  6 versus  m curve,  i.e., 

dw  , . 

'’e  ■ « 

Now  assume  we  have  three  phase  delay  measurements,  , T2,  T3,  cor- 
responding to  the  three  OMEGA  frequencies,  wi,  U2»  <^^3*  Each  of  these 
time  delays  represents  a ratio  of  total  phase  shift  to  frequency,  i.e.. 
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where  d is  the  distance  from  transmitter  to  receiver.  It  is  tacitly  as- 
sumed from  here  on  that  lane  ambiguities  (whole  number  of  wavelengths) 


■4 


\ 

I 


Fig.  6.  Phase  shift  versus  frequency. 

for  all  three  frequencies  have  been  resolved.  In  effect,  the  three 
phase  measurements  give  us  three  points  on  the  6d  vs . w curve  as  shown 
in  Fig.  6.  Now  assume  that  0d  can  be  approximated  as  a quadratic  func- 
tion of  ui  over  a reasonable  range  of  w;  i.e.,  let 

0d  = + Cq  (6) 


Next,  we  will  choose  the  coefficients  Cq,  and  C2  such  that  0d  goes 
through  the  measured  4>1,  't’Zf  ^3  points  as  shown  in  Fig.  6.  Thus,  the 
coefficients  are  determined  by 


C 

C 

C 


0 

0 

0 


+ 


+ C^o.2 


+ 


+ 


4.  r 2 

+ ^2^2 


+ 


(7) 

(8) 

(9) 


Omitting  the  algebra,  it  is  obvious  that  Eqs.  (7),  (8),  and  (9)  can  be 
solved  explicitly  for  Cq,  Cl,  and  C2  in  terms  of  the  measurements 
i^2»  3od  ((13. 

Returning  now  to  Eq.  (6),  the  group  delay  can  be  found  as 


+ Cj^ 


(10) 
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If  the  solutions  for  C]^  and  C2  from  Eqs.  (7),  (8),  (9)  are  substituted 
into  Eq . (10),  and  if  the  frequencies  (02,  and  (113  are  assumed  to  be 

in  the  exact  ratio  9:10:12,  the  following  equation  results 

\ ^ * “Oh  + (“  - »)h  <“> 

Equation  (11)  enables  one  to  compute  a group  time  delay,  referred  to  any 
arbitrary  frequency  u,  in  terms  of  the  three  measured  phase  delays,  , 
l2  and  T3.  Note  that  Tg  in  a linear  function  of  T3 , T2  and  T3  and  thrt 
the  sum  of  the  coefficients  (weight  factors)  is  unity. 

Also  note  that  the  measured  phase  delays  T3 , 1'2  and  T3  are  simply 
the  measured  phases,  including  the  appropriate  multiples  of  2ir,  divided 
by  the  frequencies  (i.e.,  Eqs.  3,  4,  and  5).  However,  phase  must  be 
measured  with  respect  to  some  local  reference,  so  an  unknown  constant 
will  appear  in  each  term  on  the  right  side  of  Eq.  11.  The  sum  of  the 
coefficients  is  unity,  so  this  same  additive  constant  will  appear  with 
Tg.  This  additive  term  will  be  assumed  to  be  constant  for  the  moment, 
but,  in  any  event,  it  certainly  is  not  dependent  on  the  propagation  me- 
dium . 


Returning  now  to  Eq . (11),  it  is  of  special  interest  to  look  at 
variations  in  the  coefficients  of  T3,  T2,  and  T3  with  frequency.  These 
three  coefficients  will  be  designated  as  K3 , K2,  and  K3  (i.e.,  Tg  = 

KiTi  + K2T2  + K3T3) , and  they  are  plotted  in  Fig.  7.  Note  that  in  the 
12.0  - 12.5  kHz  range  none  of  the  coefficients  exceeds  6.  Purely  random 
errors  -in  the  phase  delay  measurements  do,  of  course,  get  "amplified"  by 
the  coefficients,  so  large  values  are  undesirable.  How  undesirable, 
though,  is  a matter  of  degree,  but  certainly  factors  of  4 or  5 are  not 
unreasonable.  Pursuing  this  further,  if  one  assumes  the  three  measure- 
ment errors  associated  with  Tj,  T2 , and  T3  to  be  independent  and  each 
having  unity  variance,  the  resultant  rms  error  in  Tg  would  be  as  shown 
in  Fig.  8.  It  should  be  apparent  that  the  best  choice  of  reference  fre- 
quency involves  a compromise  between  the  induced  measurement  noise  error 
shown  in  Fig.  8 and  the  diurnal-shift  error.  This  will  not  be  pursued 
further  from  a theoretical  viewpoint.  Instead,  we  will  proceed  directly 
to  some  experimental  results  that  demonstrate  these  concepts. 


Experimental  Examples 

A formula  for  computing  a synthetic  group  delay  at  any  desired  fre- 
quency in  the  OMEGA  range  was  derived  in  the  previous  section.  This, 
along  with  experimental  phase  measurement  data  on  10.2,  11-1/3,  and  13.6 
kHz,  should  provide  a means  of  verifying  the  theoretical  curves  of  Hamp- 
ton [7]  and  Watt  [8],  reproduced  in  Figs.  4 and  5.  These  curves  were 
worked  out  for  a single  mode  with  idealized  boundary  conditions,  so  we 
should  not  expect  exact  correspondence.  Qualitatively,  though,  we  would 
expect  to  find  the  group  delay  to  be  greater  during  the  day  than  at 
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night  for  frequencies  less  than  the  crossover,  and  then  the  day  and 
night  delays  should  approach  each  other  as  the  frequency  is  increased  to 
the  crossover  frequency  around  12.5  kHz. 

A limited  amount  of  experimental  data  was  obtained  from  the  U.  S. 
Coast  Guard  OMEGA  Navigation  System  Operations  Detail  (ONSOD) , which 
gathers  phase  measurement  data  from  various  monitoring  sites  located 
around  the  world.  Phase  difference  measurements  were  in  the  form  of 
strip-chart  recordings  and  covered  the  time  period  from  March  10  through 
March  31,  1975.  Two  transmission  paths,  Trinidad  to  North  Dakota  and 
North  Dakota  to  Hawaii  were  selected  as  examples  for  presentation  he  e. 

In  both  cases,  the  monitoring  sites  were  close  to  the  local  transmitters, 
so  the  recorded  phases  can  be  considered  as  "one-way"  phase  measurements. 
Phase  data  at  all  three  OMEGA  frequencies  were  read  from  the  charts  at  a 
rate  of  one  sample  per  hour,  and  then  these  data  were  used  to  compute 
group  time  delays  at  various  reference  frequencies  in  accordance  with 
Eq.  11. 


Results  for  the  Trinidad  to  North  Dakota  path  (B-D)  are  shown  in 
Fig.  9.  Twenty-two  days  of  data  are  shown  superimposed  in  each  of  the 
four  parts  of  the  figure.  In  order  to  establish  a perspective,  the  un- 
compensated phase  delay  at  10.2  kHz  is  shown  in  the  upper-left  corner. 
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FREQUENCY  kHz 

Fig.  8.  Normalized  RMS  error  due  to  measurement  noise. 


As  expected,  the  diurnal  shift  is  quite  large,  roughly  about  75  micro- 
seconds or  about  3/4  cycle  at  10.2  kHz.  The  other  three  parts  of  Fig.  9 
show  the  group  delays  computed  at  11.5,  12.0  and  12.5  kHz.  Note  that 
the  average  day  and  night  delays  do  tend  to  equalize  as  the  reference 
frequency  is  increased  to  12.5  kHz.  The  random  fluctuations  also  in- 
crease dramatically  as  the  reference  frequency  Is  increased,  especially 
at  night.  It  is  tempting  to  explain  this  as  being  due  to  phase  measure- 
ment errors  being  amplified  by  the  K2»  and  K3  coefficients,  which  do 
increase  somewhat  in  going  from  12.0  to  12.5  kHz.  However,  the  daytime 
portion  of  the  curves  does  not  show  a similar  Increase  in  randomness 
with  an  increase  in  reference  frequency.  Thus,  a more  reasonable  ex- 
planation would  seem  to  be  the  basic  instability  at  night  due  to  modal 
Interference. 
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Fig.  9.  Phase  and  group  delays  for  Trinidad -North  Dakota  path 
for  10-31  March  1975, 


Results  from  the  North  Dakota-Hawali  (D-C)  path  are  shown  in  Fig. 

10.  The  arrangement  of  the  plots  is  similar  to  the  Trinidad-North  Dako- 
ta example.  Tlie  equalization  of  the  day  and  nighttime  delays  is  not 
quite  as  conspicuous  in  this  case,  because  the  path  is  largely  east-west 
and  the  transition  between  day  and  night  is  spread  over  a longer  time 
period  than  for  the  Trinidad-North  Dakota  path. 

In  both  examples,  it  should  be  noted  that  the  group  delay  varia- 
tions are  considerably  less  than  diurnal  variation  shown  by  the  raw  10.2 
kHz  phase  data.  This  is  to  be  expected  because  Hampton's  curves  (Fig. 

4)  indicate  the  day-to-night  variation  in  group  velocity  should  only  be 
about  one  part  in  a thousand,  whereas  we  would  expect  about  three  rimes 
this  much  variation  in  phase  velocity.  Thus,  group  delay  has  a natural 
insensitivity  to  diurnal  variation  in  the  11.5  to  13  kHz  range.  For 
timing  purposes,  it  is  important  to  note  that  the  large  24-hour  compo- 
nent error  has  been  virtually  eliminated  at  a reference  frequency  of 
12.5  kHz,  leaving  only  relatively  rapidly  fluctuating  noise.  Presumably, 
this  should  be  easier  to  filter  than  the  relatively  low-frequency  24-hour 
error,  so  this  will  now  be  pursued  further. 

Filter  Example 

In  the  timing  problem  under  consideration,  we  will  assume  that  we 
have  a received  CW  signal  from  a remote  source  (OMEGA)  and  a correspond- 
ing signal  from  a local  source.  Both  will  be  assumed  to  be  referred  to 
the  same  nominal  frequency  via  whatever  frequency  synthesizers  and/or 
dividers  are  necessary.  The  local  source  may  be  just  a simple  crystal 
oscillator,  but,  in  any  event,  there  must  exist  some  local  reference  to 
compare  with  the  received  OMEGA  signal. 

Ttie  filtering  problem  here  falls  into  the  general  category  of  com- 
plementary filtering  [10],  so  a few  words  are  in  order  about  this  type 
of  filtering.  Figure  11  shows  three  forms  of  filtering  operating  on  two 
independent  noisy  measurements  of  the  same  signal  s(t).  The  contaminat- 
ing noises  are  nj(t)  and  n2(t) . Note  that  all  three  implementations 
lead  to  identical  end  results.  The  designer's  problem  is  to  choose  the 
best  Y(s)  for  the  noises  present  in  his  particular  physical  situation. 
Each  of  the  block  diagrams  in  Fig.  11  lends  a slightly  different  Insight 
into  the  design  problem.  The  straightforward  two-channel  version  shown 
in  Fig.  11(a)  clearly  shows  the  complementary  feature  of  this  type  of 
filtering.  Note  that  the  signal  s(t)  passes  through  the  system  undls- 
torted  and  is  not  affected  by  the  choice  of  Y(s)  in  any  way.  Fig.  11(b) 
shows  that  the  design  problem  reduces  to  a separation  of  ni(t)  from 
n2(t).  For  example,  if  n^  is  low-frequency  noise  and  n2  is  high-fre- 
quency noise,  the  obvious  choice  for  Y(s)  is  a low-pass  filter.  This 
will  preserve  nj(t)  to  some  degree  of  accuracy,  and  it  can  then  be  sub- 
tracted from  the  first  measurement  to  yield  an  Improved  estimate  of  s(t). 
The  feedback  version  shown  in  Fig.  11(c)  is  to  be  preferred  over  (a)  or 
(b)  in  situations  where  either  nj  or  n2  is  unstable  with  time.  The  lin- 
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(B)  DIFFERENCING  - FEEDFORWARD  IMPLEMENTATION. 
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(C)  FEEDBACK  IMPLEMENTATION. 


Fig.  11.  Three  equivalent  Implementations  of  a complementary  filter. 

ear  range  of  the  operations  Indicated  In  (a)  and  (b)  might  be  exceeded 
In  this  case,  but  this  can  be  avoided  with  the  feedback  Implementation 
shown  In  (c) . 

The  linearity  restriction  just  mentioned  really  only  applies  In 
analog  systems.  If  the  filter  Is  operating  on  digital  data  (l.e.,  num- 
bers) there  Is  virtually  no  such  restriction.  Either  continuous  analog 
or  digital  data  may  be  encountered  In  the  timing  application.  Obvious- 
ly, with  the  aid  of  a digital  processor  and  appropriate  Interfacing,  all 
sorts  of  Interesting  possibilities  exist.  Including  computation  of  group 
delay  referenced  to  any  desired  frequency  In  accordance  with  Eq.  11. 
However,  In  the  Interest  of  keeping  the  discussion  brief  and  simple,  we 
shall  be  content  with  a simple  analog  example. 


To  Illustrate  the  benefit  of  the  group-delay  approach  (In  contrast 
to  phase  delay)  consider  the  observed  OMEGA  signal  to  be  the  beat  signal 
between  the  11-1/3  and  13.6  kHz  transmissions  from  a single  OMEGA  sta- 
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tion.  We  will  assume  that  the  electronic  circuitry  is  such  that  it  pro- 
duces an  analog  CW  signal  at  the  difference  frequency  of  2-4/15  kHz. 

This  can  also  be  thought  of  as  the  envelope  of  a single  modulated  wave 

whose  carrier  is  midway  between  11-1/3  and  13.6  kHz,  or  12.46 kHz. 

The  envelope  travels  at  group  velocity,  so  the  phase  of  the  envelope  is 
delayed  by  the  group  delay,  in  this  case  referenced  to  about  12.46  kHz. 
Note,  by  coincidence,  this  is  very  near  the  day-night  crossover.  Thus, 
the  phase-delay  characteristics  of  the  beat  signal  between  11-1/3  and 


♦ + 

K? ► 
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LOCAL  PHASE  ERROR 

n = OMEGA  PHASE  ERROR 

.T 


Fig.  12.  First-order  filter  example. 


13.6  kHz  should  be  close  to  those  shown  in  Figs.  9 and  10  for  the  12.5 
kHz  reference  frequency.  That  is,  the  major  part  of  the  diurnal  varia- 
tion should  be  eliminated,  leaving  only  the  more  rapidly  varying  phase 
error.  The  beat  signal  at  2-4/15  kHz  can  now  be  compared  directly  with 
the  phase  of  the  local  source  suitably  divided  down  to  the  same  fre- 
quency. Thus,  in  this  example,  there  is  no  need  to  "compute"  a synthet- 
ic group  delay,  because  a sinusoidal  wave  with  essentially  no  diurnal 
shift  can  be  obtained  directly  in  analog  form. 

The  filter  block  diagram  for  this  example  is  shown  in  the  "feedback" 
configuration  in  Fig.  12.  In  this  case  we  might  expect  the  residual 
propagation  error  associated  with  the  OMEGA  source  to  be  relatively  high 
frequency  noise.  On  the  other  hand,  one  would  expect  unstable,  low- 
frequency  drift  error  in  the  local  reference.  The  spectral  characteris- 
tics of  these  two  error  sources  are  quite  different,  so  we  can  expect 
the  complementary  filter  to  do  a respectable  job  of  separating  the  two. 

A low-pass  filter  is  the  obvious  choice  for  Y(s).  For  purposes  of  illu- 
stration let  Y(s)  be  of  the  form 


where  T is  the  time  constant  of  the  filter.  This  is  the  simplest  pos- 
sible low-pass  filter.  Some  commercial  systems  are  capable  of  operating 
with  a time  constant  of  about  one  day,  so  we  will  choose  this  as  the 
time  constant  T in  this  example.  We  shall  then  compare  the  complemen- 
tary filter  outputs  with  raw  10.2  kHz  OMEGA  as  the  reference  on  one 
hand,  and  with  the  2-4/15  kHz  beat  signal  as  the  OMEGA  reference  on 
the  other.  Five  days  of  actual  B-D  OMEGA  data  for  3-7  March  1975  with  a 
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sampling  rate  of  one  sample  per  10  minutes  was  used  as  the  remote  refer- 
ence in  the  simulation.  'Hie  local  rt • erence  for  this  example  was  as- 
sumed to  be  a relatively  high  quality  source  with  a drift  rate  of  1 part 
in  10^^. 

The  results  for  the  5-day  simulation  are  shown  in  Fig.  13.  The 
first  two  or  three  days  may  be  Ignored  as  the  transient  period,  but  note 
as  the  svstem  approaches  steady-state,  the  simulation  with  the  beat  sig- 
nal as  reference  has  considerably  smaller  fli ctuations  than  the  raw  10.2 
kHz  phase-reference  system. 

There  was  no  attempt  to  optimize  the  filter  in  this  example. 

Rather,  the  filter  form  and  time  constant  were  chosen  to  conform  with 
current  state-of-the-art  phase-tracking  time/frequency  systems.  Appli- 
cation of  optimal  filtering  techniques  should  provide  even  further  re- 
duction of  the  residual  error. 


Fig.  13.  Comparison  of  errors  for  phase-  and  group-reference 
systems . 
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Summary 


It  has  been  demonstrated  that  group  delay  in  the  12.0  to  12.5  kHz 
range  exhibits  much  less  diurnal  variation  than  the  corresponding  phase 
delay.  Thus,  if  the  local  reference  is  coupled  to*the  remote  reference 
via  groun  delay  rather  than  phase  delay,  then  the  local  filtering  prob- 
lem is  less  severe.  Also,  the  resulting  filtering  problem  was  shown  to 
fit  within  the  framework  of  complementary  filter  theory.  Once  this  is 
recognized,  a considerable  body  of  both  optimization  theory  and  exper- 
ience can  be  brought  to  bear  on  the  problem.  Tiius , the  OMEGA  system 
with  its  three  coherent  transmissions  shows  considerable  promise  as  the 
long-term  reference  in  a precise  time/frequency  system. 


Acknowl edgements 

The  authors  are  particularly  indebted  to  the  U.  S.  Coast  Guard 
OMEGA  Navigation  System  Operations  Detail  (ONSOD)  for  furnishing  the 
strip  chart  data  used  in  this  analysis.  We  also  acknowledge  the  Iowa 
State  University  Engineering  Research  Institute  for  financial  support  of 
the  project. 


Reference 

1.  J.  E.  Bortz,  R.  R.  Gupta,  D.  C.  Scull,  and  P.  B.  Morris,  "Omega 
Signal  Coverage  Prediction,"  J.  of  the  Inst,  of  Navigation,  Vol. 

25,  No.  1,  Spring  1976,  pp . 1-9. 

2.  A.  N.  Beavers,  Jr.,  D.  E.  Gentry,  and  J.  F.  Kasper,  Jr.,  "Evalua- 
tion of  Real-Time  Algorithms  for  OMEGA  Propagation  Prediction,"  J. 
of  the  Inst,  of  Navigation,  Vol.  22,  No.  3,  Fall  1975,  pp.  252-258. 

3.  R.  G.  Brown,  R.  A.  Sharpe,  W.  L.  Hughes,  and  R.  E.  Post,  Lines , 
Waves,  and  Antennas,  2nd  Ed.,  Ronald  Press,  1973. 

4.  J.  A.  Pierce,  "The  Use  of  Composite  Signals  at  Very  Low  Radio  Fre- 
quencies," Harvard  University  Technical  Report  552,  February  1968. 

5.  W.  Papousek  and  F.  H.  Reder,  "A  Modified  Composite  Wave  Technique 
for  OMEGA,"  J.  of  the  Inst,  of  Navigation,  Vol.  20,  No.  2, 

pp.  171-177. 

6.  D.  Mactaggart,  "An  Empirical  Computed  Evaluation  of  Composite 
OMEGA,"  Proc.  of  the  Second  OMEGA  Symposium  (Sponsored  by  the  Inst, 
of  Navigation),  November  1974,  pp.  131-138. 

7.  D.  E.  Hampton,  "Group  Velocity  Variations  of  V.!  . . Signals," 

Royal  Aircraft  Establishment  Report  No.  65282,  December  1965. 


A.  D.  Watt,  VLF  Radio  Engineer Ing.  Pergamon  Press,  1967,  p.  383, 


R.  G.  Brown  and  K.  L.  Van  Allen,  "Three  Frequency  Difference  OMEGA," 
Proc.  of  the  National  Aerospace  Symposium  (Sponsored  by  the  Inst, 
of  Navigation),  April  1976,  pp.  117-124. 


R.  G.  Brown  and  J.  W.  Nilsson,  Introduction  to  Linear  Systems  Analy- 
sis, John  Wiley  and  Sons,  N.  Y.,  1962,  Chapter  15. 


ONffiGA  SYNCHRONIZATION;  CURRENT  OPERATIONS 
AND  FUTURE  PLANS 


Howard  J.  Santamore 
U.S.  Coast  Guard,  Washington,  D.C. 

Roger  N.  Schane,  Stephen  F.  Donnelly, 

The  Analytic  Sciences  Corporation,  Reading,  Massachusetts 


ABSTRACT 


Modern  estimation  techniques  are  applied 
to  the  problem  of  synchronizing  OMEGA  VLF 
signal  transmissions  from  geographically- 
remote  transmitter  stations.  Each  OMEGA 
transmitter  is  controlled  by  its  own  bank 
' of  four  -cesium  beam  atomic  frequency  stand- 

ards. A synchronization  computer  program 
SYNC2*  'combines  models  of  cesium  clock  error 
dynamics  with  OMEGA  phase  timing  measurements 
to  estimate  and  control  inter-transmitter  syn- 
chronization offsets  (both  phase  and  phase 
rate)  to  an  accuracy  or.  the  order  of  1 usee  rms. 

Auxiliary  algorithms  perform  OMEGA  phase  mea- 
surement preprocessing,  including;  compensation 
for  propagation  anomalies,  reciprocal  path  phase 
j differencing,  automatic  outlier  rejection,  dynam- 

j ic  measurement-quality  weighting,  and  time- 

■ correlation  modeling.  Alternative  timing  measure- 

j ments  (including;  satellite/TV,  Loran-C,  and 

I portable  clock)  are  utilized,  as  available,  to 

j synchronize  the  entire  transmitter  system  to 

I Coordinated  Universal  Time  (UTC)  as  maintained 

I by  the  United  States  Naval  Observatory  (USNO). 

Future  plans  for  OMEGA  synchronization  include: 

; increased  use  of  non-VLF  propagation  models,  and 

act  ive  part icipat ion  by  the  Japanese  Maritime 
Safety  Agency  (JMSA)  in  Program  SYNC2  operation. 

♦This  program  was  developed  at  The  Analytic 
Sciences  Corporation  (TASC)  for  the  U.S.  Coast 
Guard  OMEGA  Navigation  System  Operations  Detail 
(ONSOD)  under  Contract  No.  DOT-CG-23735-A. 
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INTRODUCTION 


OMEGA  is  a long-range,  all-weather,  radio  navigation  system 
consisting  of  eight  transmitter  stations,  strategically 
located  around  the  world.  Each  transmitter  generates  con- 
tinuous-wave. phase-locked,  very-low-f requency  (VLF)  signals 
between  10.2  and  13.6  kHz.  OMEGA  provides  a unique  combina- 
tion of  worldwide  navigation  capability  and  bounded  position 
errors,  typically  on  the  order  of  1 to  2 nm  rms . 

VLF  signals  propagate  in  a natural  waveguide  between  the 
earth's  surface  and  the  ionosphere,  and  maintain  a nearly 
linear  relationship  between  signal  phase  and  distance  from 
each  transmitter.  Phase  difference  measurements  from  pairs 
of  transmitters  define  earth-referenced  hyperbolic  lines-of- 
position  CLOPs)  which  are  used  for  position  determination. 
Certain  geophysical  factors  (e.g..  variations  in  solar  illu- 
mination, geomagnetic  field,  and  ground  conductivity)  tend 
to  distort  this  linear  phase/distance  relationship  and, 
thus,  limit  position  accuracy.  Models  have  been  developed 
[1]  to  partially  compensate  for  VLF  phase  propagation  varia- 
tions, and  tables  of  Predicted  Propagation  Corrections  (PPCs) 
have  been  computed  [2]  and  published  [3], 

Use  of  phase  differences  for  OMEGA  navigation  requires  pre- 
cise phase  synchronization  of  signals  from  all  OMEGA  trans- 
mitters. (A  six  microsecond  synchronization  offset  between 
two  transmitters  can  result  in  a 1 nm  position  error.  ) The 
phase  of  each  OMEGA  transmitter  is  controlled  by  its  own 
online  cesium  clock  (and  several  backup  clocks).  A cesium 
clock  determines  precise  time  intervals  by  counting  oscilla- 
tion periods  of  a cesium-beam  atomic  frequency  standard.  For 
two  clocks  to  be  perfectly  synchronized,  their  frequency 
standards  must  match  perfectly  in  both  phase  and  f requency . 

In  general,  there  are  small  uncontrollable  differences  (on 
the  order  of  0.03  to  0.3  usec/day)  in  the  cesium  frequencies 
of  different  online  clocks.  These  relative  frequency  off- 
sets result  in  inter-transmitter  phase  (or  timing)  offsets 
that  can  increase  with  time,  if  uncorrected. 

To  prevent  uncontrolled  time  offset  growth  in  the  OMEGA  sys- 
tem, internal  synchronization  is  accomplished  by  periodically 
adjusting  the  epoch  (i.e.,  time  or  phase)  of  each  OMEGA 
transmitter  to  the  average  epoch  of  all  transmitters  (Mean 
OMEGA  System  Time).  External  synchronization,  which  is  not 
necessary  for  navigation,  but  is  for  time  dissemination,  is 
established  by  maintaining  Mean  OMEGA  System  Time  at  a known 
constant  offset  from  UTC  as  maintained  by  the  U.S.  Naval 
Observatory  (USNO). 
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Transmitter  phase  (epoch)  adjustments  are  computed  weekly 
by  processing  both  internal  and  external  timing  measure- 
ments. Internal  measurements  indicate  the  relative  timing 
offsets  between  pairs  of  OMEGA  transmitters.  External  mea- 
surements indicate  the  time  offsets  between  individual  trans- 
mitters and  UTC(USNO),  and  are  currently  available  from  four 
independent  sources:  VLF  phase  monitored  at  USNO,  satellite/ 

TV,  Loran-C,  and  portable  clock.  Non-VLF  measurements  pro- 
vide significantly  increased  accuracy  over  conventional  VLF 
techniques,  but  are  not  currently  available  on  a regular 
basis  for  all  OMEGA  transmitters. 

This  paper  describes  an  integrated  dynamic  synchronization 
process  currently  implemented  as  Computer  Program  SYNC2. 

The  program  employs  a linear  data-mixing  filter  that  appro- 
priately combines  mathematical  models  of  cesium  clock  error 
dynamics  with  \TjF  and  non-VLF  timing  measurements  to  esti- 
mate and  control  transmitter  radiated  phase  and  phase-rate 
offsets.  The  data-mixing  filter  has  the  inherent  capability 
of  optimizing  OMEGA  synchronization  by  making  the  best  possi- 
I ble  use  of  all  available  information  including  quantitative 

' statistical  descriptions  of:  cesium  clock  frequency  uncer- 

tainties, timing  measurement  uncertainties,  and  measurement 
error  time  correlations.  The  discussion  includes:  cesium' 

clock  error  modeling,  measurement  preprocessing,  data-mixing 
filter  formulation,  synchronization  adjustments,  program 
input  and  output,  and  future  plans  for  OMEGA  synchronization. 

Program  SYNC2  is  currently  run  each  week  by  the  U.S.  Coast 
Guard  OMEGA  Navigation  System  Operations  Detail,  and  is  used 
to  control  OMEGA  system  synchronization  to  an  accuracy  on 
, the  order  of  1 usee  rms.  A block  diagram  of  the  overall 

I synchronization  process  is  shown  in  Fig.  1. 

» -22725 

j PHASE  SHIFTER  OMEGA 


Fig.  1 — Integrated  Synchronization  Process 
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CESIUM  CLOCK  ERROR  DYNAMICS 

Program  SYNC2  employs  cesium  clock  error  models  to  extrapo- 
late transmitter  synchronization  offsets  (both  phase  and 
phase  rate)  between  times  when  synchronization  measurements 
are  available.  Ignoring,  for  a moment,  any  phase  shifter 
adjustments,  the  phase  or  time  offset  in  usee  of  transmitter 
I "( I = A , B , . . . , H)  relative  to  Mean  OMEGA  System  Time  can 
be  represented  by  a standard  cesium  clock  error  model  [4]  at 
time  t^^^ , i . e. , 


+ AT 


(1) 


and  the  phase  rate  (cesium  frequency)  offset  in  usec/day 
relative  to  Mean  OMEGA  System  Time  is  given  by 


- ^ 

r -c  “1 

i 

^ -ln+1 

+ 

n 

1 

ci 

M t-t 
1 

where 

Wjp  = zero-mean,  white  gaussian  sequence 

corrupting  the  phase  offset  5®  caused 
by  uncorrelated  fluctuations  in  clock 
cesium  frequency  (phase  rate) 

f 

w ^ = zero-mean,  white  gaussian  sequence 
corrupting  the  phase  rate  of  caused 
by  uncorrelated  fluctuations  in  clock 
cesium  frequency  rate  (phase  acceleration) 

AT  = computation  interval  (0.5  day) 

Random  fluctuations  in  clock  cesium  frequency  result  in  a 
random  walk  phase  offset  that  grows  proportional  to  the 
square  root  of  time.  The  white  sequence  representing 

this  effect  in  (1),  is  typically  on  the  order  of  0.019  usee 
rms  [4 ] . 

f 

The  white  sequence  wjq  in  (2)  produces  a random  walk  fre- 
quency offset,  and  is  used  to  approximate  long-term  random 
jumps  in  nominal  cesium  frequency  as  observed  in  empirical 
clock  data  [5]  and  [6].  Each  discrete  jump  in  cesium  fre- 
quency, of  magnitude  A6f  occurring  after  an  N-day  interval. 
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is  approximated  by  a series  of  small  jumps  of  magnitude 
A6f/2N  occurring  twice  each  day.  The  rms  value  of  w|j^ 
appropriate  for  this  approximation,  is  given  by 


0^,^  = A6f(2N)' 


For  a typical  frequency  jump  magnitude  of  0.03  usec/day  and 
a typical  interval  between  jumps  of  15  days,  (3)  yields  a 
o^.f  of  0.0055  usec/day.  Since  there  is  a lower  bound  on 
the  uncertainty  in  an  estimate  of  a random  walk  process  [7]  , 
employing  the  white  sequence  w|^  in  the  clock  model  effec- 
tively prevents  the  data-mixing^“f ilter  from  becoming  overly- 
confident  in  the  accuracy  of  its  cesium  frequency  estimate. 
Consequently,  the  filter  is  more  responsive  to  any  sudden 
change  in  the  synchronization  measurement  trend  brought 
about  by  a cesium  frequency  jump. 


MEASUREMENT  PREPROCESSING 

The  basic  internal  synchronization  measurement  involves  a 
pair*  of  transmitters  each  with  an  associated  monitor  sta- 
tion. The  associated  monitor  pair  measures  the  \T,F  phase 
delay  in  each  direction  along  the  "reciprocal  propagation 
path”  between  the  transmitters  as  illustrated  in  Fig.  2. 

The  monitors  are  close  to,  but  not  collocated  with,  their 
respective  transmitters.  Signals  received  at  each  monitor 
from  the  two  transmitters  are  used  to  generate  phase  differ- 
ence measurements.  At  monitor  j,  which  receives  signals 
from  transmitters  I and  J,  the  phase  difference  measurement 
(I-J)  is  given  by 


^IJ  ^Ij  ^Jj  J 


where 


0 , = phase  of  transmitter  I received  at  monitor  j 
1 j 

(tjj  = phase  of  transmitter  J received  at  monitor  j 
Cj  = instrumentation  error  at  monitor  j 


*There  are  28  possible  transmitter  pairs  in  an  eight- 
transmitter  system. 
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TRANSMITTER  TRANSMITTER 


Fig.  2 — Typical  Reciprocal  Propagation  Path 


Compensation  for  Propagation  Anomalies  - The  A<tjj  in  (4) 
are  corrected  for  propagation  variations  using  a PPC  value, 
and  compared  to  a nominal  phase  difference  (proportional 
to  geodesic  path  length  to  the  transmitters)  to  obtain  an 
observed  synchronization  offset  between  transmitters  I and  J : 


The  quantity  OBS^j  in  (5)  is  called  an  "observed"  offset 
because  it  includes  not  only  the  actual  synchronization 
offset  between  I and  J,  but  also  instrumentation  errors  and 
residual  propagation  errors  (i.e.,  errors  due  to  unpredicted 
propagation  variations).  PPC  errors  are  typically  the  domi- 
nant error  source  with  magnitudes  on  the  order  of  3 to  12 
usee . 

Reciprocal  Path  Phase  Differencing  - A significant  portion 
of  the  PPC  error  in  (5)  is  independent  of  direction  along 
the  path  (i.e.,  the  PPC  error  for  propagation  from  trans- 
mitter I to  monitor  j is  approximately  equal  to  the  PPC 
error  for  propagation  from  transmitter  J to  monitor  i).  This 
fact  can  be  used  to  advantage  by  differencing  the  two  ob- 
served synchronization  offsets  measured  in  each  direction 
to  yield 

2,j  ■ i (OBsJj  - OBs‘j)  (6) 

Direction-independent  PPC  errors  (e.g.,  solar  illumination 
and  ground  conductivity)  tend  to  cancel  out  in  (6)*.  The 


"■This  technique  was  originally  developed  in  [8]  . 
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quantity  zjj  is  a relative  synchronization  offset  measure- 
ment for  transmitters  I and  J.  It  is  shown  in  [9]  that 
Zjj  is  of  the  form 


z 


IJ 


6 


IJ 


+ 


V 


IJ 


(7) 


where  fCjj  is  the  actual  phase  (or  time)  offset  between 
transmitters  I and  J,  and  vjj  is  a measurement  error,  typi- 
cally on  the  order  of  1.0  - 2.5  ysec  rms , which  includes 
only  direction-dependent  PPC  errors  and  uncorrelated  in- 
strumentation errors. 

Outlier  Rejection  - Program  SYNC2  includes  a comprehensive 
algorithm,  designed  to  detect  and  reject  VLF  measurement 
outliers  as  described  in  Appendix  A. 

Measurement-Quality  Weighting  - SYNC2  includes  a special 
routine  to  estimate  VLF  measurement  errors  for  use  in  speci- 
fying measurement  quality  in  the  data-mixing  filter.  Each 
\'LF  measurement  error  is  approximated  by  the  rms  "fit  error” 
between  actual  synchronization  measurements  and  those  pre- 
dicted by  S\’HC2  models  over  each  previous  three-week  period. 
Specifically,  the  measurement  fit  error  at  time  tjj  is  de- 
fined as* 


'^^IJ  = 


-in 


(8) 


where  the  predicted  measurement  is 


z 


(9) 


and  <54-20  the  filter  estimate  of  the  internal  phase  (or 
time)  oifset  of  transmitter  I relative  to  Mean  OMEGA'System 
Time.  SYNC2  computes  the  rms  fit  error  over  the  three-week 
period  prior  to  each  daily  measurement,  and  repeatedly  up- 
dates this  statistic  after  each  daily  measurement  is  proc- 
essed. The  mean  square  fit  error  is  used  to  define  a mea- 
surement noise  covariance  matrix  Rn  which  accounts  for 
measurement  quality  in  the  data-mixing  filter. 


♦The  overhat  ( '' ) denotes  an  estimated  parameter. 


Time-Correlation  Modeling  - VLF  measurement  errors  are 
generally  correlated  in  time  due  to  residual  diurnal  (daily) 
and  seasonal  propagation  variations  not  removed  by  published 
PPCs . Analysis  of  empirical  data  [10]  indicates  that  the 
normalized  autocorrelation  function  of  the  daily  measure- 
ment errors  vjj  in  (7)  can  be  approximated  by  an  exponential 
function  of  the  form* 


R.(*)  = 


E |v(t)  v(t  + T )|y'E|v^(  t ) I = exp(-lT 


(10) 


where  t is  time  shift  in  days,  and  Tq  is  determined  from 
empirical  data.  (A  "best  fit"  is  obtained  for  Tq  = 2.5 
days.)  From  (10),  the  daily  measurement  error  is  modeled 
as  a first-order  markov  process: 


IJ 


-Jn-r2 


exp  (-21T/t^) 


(11) 


where  AT  = 0.5  day  is  the  computation  interval,  and  ’■jj  is  a 
zero-mean,  white,  gaussian  sequence  representing  the  uncor- 
related components  of  vjj.  The  variance  of  Vjj  is  denoted 
by  and  is  approximated  by  the  mean  square  value  of  the 

measurement  fit  error  over  each  previous  three-week  period. 
The  corresponding  variance  of  ’'jj  is  computed  as  [7]. 


2 

n 


exp  (-4AT/t^)’ 


(12) 


EXTERNAL  TIMING  MEASUREMENTS 

External  timing  measurements  for  synchronization  to  UTC(USNO) 
are  currently  available  for  four  of  eight  OMEGA  transmitters. 
OMSTAs  Liberia,  Trinidad  and  North  Dakota  are  linked  to  UTC 
by  one-way  VLF  phase  measurements;  OMSTA  Hawaii  has  been 
linked  via  satellite/TV,  Loran-C,  and  several  portable  clock 
visits  each  year  [11].  A Loran-C  timing  link  between  OMSTA 
North  Dakota  and  UTC  is  planned  for  the  near  future. 


*The  symbol  E{*  • denotes  expected  (or  ensemble  average) 
value . 


An  external  synchronization  measurement  of  UTC  relative  to 
transmitter  1(1=  A,B H)  is  expressed  in  the  form 


'RI 


= S4- 


RI 


+ V 


RI 


(13) 


where  6Cri  is  the  actual  external  phase  (or  time)  offset 
of  transmitter  I,  and  vj^t  is  the  measurement  error.  For 
filter  mechanization,  (13)  is  expressed  in  an  equivalent 
form  in  terms  of  the  internal  phase  offset  of  trans- 

mitter I (relative  to  Mean  OMEGA  System  Time)  and  the  external 
offset  of  UTC  relative  to  Mean  OMEGA  System  Time,  i.e., 


^RI 


= iOor,  - '5(1 


IQ 


+ V 


RI 


(14) 


Internal  and  external  measurement  errors,  as  modeled  in 
the  data-mixing  filter  are  summarized  in  Table  1.  External 
ITF  phase  measurements  are  generally  not  as  accurate  as  in- 
ternal measurements  since  the  reciprocal  path  differenc- 

ing technique  in  (6)  cannot  be  employed  for  one-way  propa- 
gation. However,  external  VLF  bias  errors  are  dynamically 
calibrated  and  removed  by  comparing  them  to  more-accurate 
non-VLF  measurements  W'hen  available.  Non-VLF  measurement 
errors  are  discussed  in  detail  in  [11]  . 


TABLE  1 SYNCHRONIZATION  MEASUREMENT  ERRORS 


Synchronization 
Moasurcment  Type 

RMS  Error 
( usee ) 

I nternitl 

VLr  phase 

: .0  - 2.5* 

External 

VLF  phase 
Loran-C 
Satelllte/TV 
Portable  clock 

1.1  - 2.6* 
0.21  or  0.28^ 
0.11  or  0.21^ 
0.07  or  0.19'* 

•Typical  values  dynamically  computed  for 
each  dally  measurement  based  on  3>week 
rms  fit  error  as  defined  in  (8). 

tAccuraclrs  reflect  dynamic  and  static 
calibration,  respectively,  of  the  phase 
advance  beiv^een  each  transmitter's 
radiated  signal  and  its  online  cesium 
clock. 
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ESTIMATION  ALGORITHM 


System  State  Equation  - The  clock  error  dynamics  model  in 
(1)  and  (2)  is  expressed  in  a vector-matrix  system  state 

equation  for  all  eight  OMEGA  transmitters  (A,B H)  at 

time  tn  as 


1 

0 

1 

AT 

0 

, 

0 

0 

0 

1 

0 

AT 

0 

1 

0 

AT 

• 

0 

0 

1 

1 

• 

0 

0 

0 

1 

n+1 

0 

1 

0 

1 

or,  more  compactly* 


(15) 


= $x  + w + u 
— n+1  — n — n — n 


(16) 


where  is  the  state  transition  matrix,  and  the  control  vec- 
tor  Un  accounts  for  phase  shifter  adjustments  applied  to 
each  clock  during  the  computation  interval  AT.  The  elements 
represent  the  external  phase  and  frequency 
offsets,  respectively,  of  UTC  relative  to  Mean  OMEGA  System 
Time. 

Measurement  Equation  - The  internal  synchronization  measure- 
ments in  (7),  and  the  external  measurements  in  (14)  are 
combined  as 


*A  bar  beneath  a symbol  denotes  a vector. 
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0 1 0 


or,  more  compactly  as 


Zr,  + 

— n n— n — n 


The  measurement  matrix  has  18  columns  and  up  to  37  row 
depending  on  measurement  availability  (typically,  16  are 
available).  If  any  measurement  is  not  available  at  a par 
ticular  sample  time,  the  corresponding  row's  are  deleted 
from  (17). 


Measurement  Constraint 


- The  zero 
represent  s 
for 


element 
an  inte 
convenience 


ment  vector  Zn  in  (17) 
constraint"  which  is  included 
singular  measurement  matrix.  In  general, 
system,  there  are  N(N-l)/2  different  reci 
(see  Fig.  2),  but  only  N-1  paths  provide 
measurements.  This  can  cause  computation 
attempting  to  determine  eight  transmitter 
from  only  seven  independent  measurements, 
this  problem  is  to  arbitrarily  define  the 
timing  offset  (Mean  OMEGA  System  Time)  as 


in  the  measure- 
rnal  "measurement 
to  avoid  a 
for  an  N-transmi t ter 
procal  paths 
independent 
al  difficulty  in 
timing  offsets 
One  approach  to 
mean  internal 
i . e . , 


zero , 


1 

8 
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y 

I = A 

CC] 

ine  , 

. as 

= 0 


(19) 


constraint,  an  "error-free"  measurement  of  Mean  OMEGA  Sys- 
tem, Time  as 


~ 8 


H 

/ 

I = A 


6d. 


(20) 


The  measurement  constraint  in  (20),  used  in  conjunction 
with  seven  independent  measurements,  allows  a direct  com- 
putation* of  eight  interna]  timing  offsets. 

For  the  complete  eight-transmitter  system  (with  28  possible 
reciprocal  paths),  internal  synchronization  offsets  can 
theoretically  be  determiined  using  relative  phase  measure- 
ments from  any  seven  independent  paths.  In  the  absence  of 
measurement  and  propagation  prediction  errors,  the  estima- 
tion error  using  any  seven  independent  paths  would  be  zero. 
How^ever,  since  there  are  always  residual  measurement  and 
modeling  errors,  it  is  desirable  to  use  redundant  data  from 
as  many  paths  as  possible  to  m,inimize  the  effect:.,  of  these 
errors  on  system  synchronization. 

A Priori  Information  - Implementation  of  the  data-mixing 
filter  requires  a priori  information  on:  clock  cesium  fre- 

quency disturbances  w^  in  (16),  synchronization^measure- 
ment  errors  Vf,  in  (18),  initial^state  estimate  xq  , and 
initial  state  estimation  error  xq > 


'Alternative  techniques  involve  the  use  of  a "pseudo- 
inverse" matrix  and  produce  identical  results. 
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Typically,  the  initial  state  estimates  for  the  current  week 
are  set  equal  to  the  final  estimates  from  the  previous  week 
(For  an  unsynchronized  transmitter,  the  initial  estimates 
are  set  to  zero.  ) The  remaining  parameters,  wp , Vjj  and  xq  , 
are  described  statistically  in  terms  of  the  diagonal  covari 
ance  matrices : 


Q - 


p = Es^x  x”^* 
0 )-0-0) 


The  elements  of  Q,  and  are  given  in  Table  2 


TABLE  2 A PRIORI  STATISTICS 


Diagonal 

Element 


(ysec/day )‘ 


*Por  an  unsynchron i zed  transmitter,  typical  values 
are  100  psec^  phase  uncertainty  and  0.75  (usec/day)2 
frequency  uncertainty. 


r 


Data-Mixing  Filter  - A linear  dynamic  estimation  algorithn: 
lor  computing  OMEGA  synchronization  offsets  can  be  formu- 
lated in  terms  of  the  basic  system  model  defined  in  ''16) 
and  (18).  The  resulting  formulation  is  referred  to  as  a 
Kalman  ( dat  a-m.ix  ing ) filter  [7]  and  is  summarized  in  Fig.  3. 
The  diagonal  elements  of  the  covariance  matrix  Pn  in  Fig.  3 
provide  an  indication  of  the  uncertainty  associated  with 
each  synchronization  estimate  Xj^ . Implementation  of  these 
equations  in  Program.  SYNC2  is  discussed  in  detail  in  [12]. 

Measurement  Correlation  - A necessary  condition  for  imple- 
mentation of  the  data-mixing  filter  in  Fig.  3 is  that  the 
measurement  errors  v^  in  (18)  are  uncorrelated  in  time  (i.e. , 
a white  sequence).  However,  VLF  measurement  errors  are,  in 
fact,  time-correlated.  This  problem  is  c i rcumivented  by  em- 
ploying a measurement -di f ferencing  technique  as  outlined 
in  [13].  This  technique  produces  differenced  measurement 
errors  that  are  uncorrelated  in  time,  and  allows  the  result- 
ing system  model  to  be  written  in  a form,  equivalent  to  that 
defined  in  (16)  and  (18). 


OPTIMAL  ESTIMATE 

/V  — 

— n 

. 

— n-1 

EXTRAPOLATION 
BETWEEN  MEASURE- 
MENTS 
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x~  + 
— n 
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nl_— n n— nj 

MEASUREMENT 
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— n 
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n n n nJ 
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(27) 

ESTIMATION  ERROR  COVARIANCE 

P"  = 
n 

•tp"^  , 
n-1 

+ Q 

EXTRAPOLATION 
BETWEEN  MEASURE- 
MENTS 

(28) 

K = 

f- 

K H Ip” 
n nJ  n 

MEASUREMENT 

UPDATE 

(29) 

Fig. 

3 — Data-Mixing 

Filter  Formulation 

480 


S I'N CH  RON  I ZAT I ON  ADJUSTMENTS 

OMEGA  synchronization  control  is  physically  implemented  by 
periodically  adjusting  the  phase  shifter  of  each  transmit- 
ter's online  cesium,  clock.  Two  types  of  adjustments  are 
applied;  a weekly  adjustment  to  correct  for  the  phase  (or 
time)  offset  existing  at  the  beginning  of  each  week,  and 
a four-hour  adjustment  (i.e. , applied  every  four  hours)  to 
correct  for  e.xpected  phase  drift  (due  to  cesium  frequency 
offset)  during  the  week. 

The  synchronization  control  task  is  complicated  by  communi- 
cations delays  between  the  eight  transmitter /monitor  stations 
and  the  OMEGA  Data  Processing  Center  in  Washington,  D.C. 
-Additional  delays  are  introduced  in  data  processing,  result- 
ing in  a time  lag  of  40  hours  between  the  last  synchroniza- 
tion measurements  taken  each  week  and  the  application  of  new 
weekly  and  four-hour  adjustments.  This  lag  can  be  signifi- 
cant if  the  computed  four-hour  adjustment  command  for  a 
particular  cesiumi  clock  changes  significantly  from  one  week 
to  the  next.  A special  adjustment  is  made  to  compensate  for 
this  effect  as  discussed  below. 

The  weekly  adjustment  for  transmitter  I / I = A,B,...,H)  con-- 
sists  of  two  basic  components:  an  estimated  external  phase 

offset  ( UTC-t ransmi t ter  I)  based  on  the  latest  available 
measurements,  and  special  compensation  (if  necessary)  for 
ten  obsolete  four-hour  adjustments  applied  during  the  40 
hour  lag  discussed  above.  The  f our-hour  adjustment  for 
transmitter  I is  simply  the  external  frequency  offset  esti- 
mate ( UTC-transmitter  I)  in  usec/4-hr. 

i 

1 SAMPLE  OUTPUT 

J 

I A typical  time  history  of  internal  synchronization  measure- 

( men ts  print-plotted  by  Program  SYNC2  is  shown  in  Fig.  4. 

• both  10.2  and  13.6  kHz  reciprocal-path  phase-difference 

t measurements  of  transmitter  pair  DG  (north  Dakota  minus 

I Trinidad)  are  given  for  the  period  from  24  November  1975  to 

5 January  1976.  SYNC2  adjustment  commands  were  used  to 
control  system  synchronization  throughout  this  period.  The 
; last  three  weeks  of  measurements  in  Fig.  4 have  a standard 

deviation  on  the  order  of  1 usee  and  mean  value  on  the 
order  of  -1  usee.  This  -1  usee  bias  represents  either  a 
measurement  bias  error,  an  actual  phase  offset  between  tians- 
mitters  D and  G,  or  some  combination  of  both.  SYNC2  employs 
the  measurement  fit  error  computation  in  (8)  to  account  for 
measurement  bias  errors  (which,  in  this  case,  were  -0.4  usee). 
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Synchronization  Measurements  (North  Dakota 
Minus  Trinidad) 


A time  history  plot  of  synchronization  offset  estimates 
(both  phase  and  cesium  frequency)  computed  for  OMSTA  North 
Dakota  (transmitter  D)  is  shown  in  Fig.  5.  Estimates  im- 
mediately after  each  twice-daily  measurement  update  are 
shown  for  the  same  six-week  period  indicated  in  Fig.  4.  The 
abrupt  change  in  the  phase  offset  estimate  from  (-0.5  to 
0.0  usee)  on  26  November  reflects  a weekly  phase  shifter 
adjustment.  The  abrupt  change  in  the  frequency  offset  esti- 
mate (from  0.08  to  -0.6  usec/day)  on  15  December  reflects  a 
replacement  of  the  online  clock  for  transmitter  D by  one  of 
its  backup  clocks.  (Frequency  offset  estimates  for  backup 
clocks  are  computed  in  a separate  algorithm  by  least-squares 
fit  to  online  clock  data.) 

The  rms  uncertainties  for  the  estimates  in  Fig.  5 are  de- 
rived from  (28)  and  (29)  and  are  plotted  in  Fig.  6.  SYNC2 
automatically  increases  the  frequency  offset  uncertainty 
to  0.2  usee  whenever  an  online  clock  is  replaced,  as  shown 
in  Fig.  6.  In  general,  as  more  measurements  are  processed, 
estimate  uncertainties  (both  phase  and  cesium  frequency) 
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Fig.  5 — Synchronization  Estimates 


Fig.  6 — Estimate  Uncertainties 
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decay  exponentially  to  non-zero  steady-state  values.  (The 
slight  increase  in  phase  uncertainty  after  15  December,  re- 
sults from  the  large  frequency  offset  uncertainty  for  the 
new  online  clock.)  The  exponential  decay  rates  depend  on: 
measurement  accuracy,  measurement  interval,  and  measurement 
error  correlation.  The  steady-state  values  depend  on  mea- 


surement  accuracy  and  random 
frequency  and  frequency  rate. 

fl 

uct 

nations 

in 

clock 

cesium 

Figures  5 and  6 indicate  that 

on 

5 

January 

1976  the 

internal 

phase  offset  for  transmitter 

D 

was 

-0.3  ± 

0.6 

usee 

relative 

to  Mean  OMEGA  System  Time,  and  the  transmitter  online  clock 
had  a natural  phase  drift  rate  (frequency  offset)  of  -0.08 
±0.06  „sec/day  relative  to  Mean  OMEGA  System  Time.  Based 
on  these  estimates,  the  internal  weekly  adjustment  was  on 
the  order  of  0.3  usee,  and  the  four-hour  adjustments  for 
the  subsequent  week  were  0.01  usee. 

A time  history  plot  of  external  measurements  (UTC  minus 
Hawaii)  via  Loran-C  timing  links  is  shown  in  Fig.  7.  These 
measurements  indicate  that  OMSTA  Hawaii  was  synchronized  to 
UTC  within  an  accuracy  on  the  order  of  1 usee  for  the  period 
13  September  to  25  October  1976.  External  non-VLF  measure- 
ments (when  available)  provide  an  excellent  means  of  check- 
ing (as  well  as  maintaining)  synchronization  accuracy  of 
the  OMEGA  system. 

UTC  • TSANiMlTTER  C ' 


» 
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Fig.  7 — Loran-C  Measurements  (UTC  Minus  Hawaii) 
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FUTURE  PLANS 


Timing  Measurements  - Reciprocal  VLF  timing  measurements  in 
(7)  are  generally  accurate  to  a few  psec  when  direction- 
dependent  propagation  prediction  errors  are  small.  Opera- 
tional experience  has  revealed  two  situations  where  these 
errors  are,  in  fact,  significant;  near  the  magnetic  equator 
anc  near  the  geographic  poles.  Recent  portable  clock  mea- 
surements [14]  and  [15]  indicate  propagation  anomalies  on 
the  order  of  3-9  usee  in  some  VLF  measurements  for  OMSTA 
Reunion  (which  is  south  of  the  magnetic  equator).  Polar- 
path  synchronization  measurements  involving  OMSTA  Norway  are 
significantly  degraded  in  the  spring  and  fall  due  to  chang- 
ing solar  i 1 1 um.inat ion  conditions.  In  order  to  minimize 
adverse  effects  of  the  above  phenomena,  future  efforts  re- 
lated to  OMEGA  synchronization  accuracy  will  most  likely 
follow  two  basic  avenues;  accuracy  improvement  via  refine- 
ment of  existing  VLF  propagation  prediction  models  [2],  and 
accuracy  verification  (and  improvement)  via  increased  use 
of  non- VLF  timing  links  such  as  satellite/TV,  Loran-C,  and 
portable  clock  measurements. 


Leap  Second  Offset  - Mean  OMEGA  System  Time  currently  leads 
ITC(USNO)  by  five  seconds.  Although  operational  procedures 
do  exist  for  inserting  leap  second  timing  adjustments  at 
each  OMEGA  transmitter,  there  are  currently  no  plans  to 
elim.inate  this  offset  from  UTC . OMEGA  leap  second  offset 
information  is  announced  in  ONSOD's  Weekly  Status  Message 
and  on  WWV. 

JMSA  Participation  - At  the  September  1976  OMEGA  Technical 
Conference  in  Bergen,  Norway,  OMEGA  Member  nations  supported 
a resolution  to  transfer  OMEGA  synchronization  operations 
from  ONSOD  to  the  Japanese  Maritime  Safety  Agency  (JMSA). 
JMSA  has  completed  test  runs  of  Program  SYNC2  and  is  cur- 
rently maintaining  data  files  in  parallel  with  ONSOD  on  a 
weekly  basis.  After  official  transfer  of  Program  SYNC2 
operations  to  JMSA,  ONSOD  will  maintain  parallel  data  files 
to  ensure  a smooth  transition.  In  order  to  maintain  system 
synchronization  to  UTC(USNO),  JMSA  will  continue  to  use 
LTISO  data  as  the  primary  source  of  external  timing  measure- 
ments . 


SUMMARY 


This  paper 
techniques 
navigation 


describes  the  application  of  modern  estimation 
to  the  problem  of  synchronizing  the  OMEGA  radio 
system  to  an  accuracy  on  the  order  of  1 usee  rms . 
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In  order  to  achieve  this  accuracy,  extensive  preprocessing 
is  performed  on  VLF  timing  measurements  to  reduce  the  effects 
of  VLF  propagation  anomalies.  The  noisy,  time-correlated 
VLF  measurements  are  then  processed  in  a Kalman  data-mixing 
filter  that  appropriately  combines  them  with  cesium  clock 
error  models  to  estimate  OMEGA  transmitter  timing  offsets 
and  compute  timing  adjustment  commands.  The  synchroniza- 
tion algorithm  is  mechanized  in  Computer  Program  SYNC2  which 
was  developed  by  The  Analytic  Sciences  Corporation  and  im- 
plemented in  January  1975.  Program  SYNC2  is  run  each  week 
by  the  U.S.  Coast  Guard  OMEGA  Navigation  System  Operations 
Detail  to  control  both  internal  and  external  system  synchro- 
nizat ion . 


.APPENDIX  A VLF  OUTLIER  REJECTION 

SYNC2  employs  an  automatic  outlier  rejection  scheme  to 
identify  and  remove  VLF  measurements  that  are  not  "statis- 
tically representative"  of  the  total  data  set.  It  is  as- 
sumed that,  on  the  average,  95^  of  the  measurements  are 
statistically  representative  and  5^  are  outliers.  Prior  to 
applying  an  outlier  rejection  test,  two  distorting  effects 
are  removed  from  the  measurements:  the  effect  of  weekly 

phase  shifter  adjustments,  and  any  nonzero  trend  over  the 
previous  six  weeks.  The  resulting  data  set  is  assumed  to 
be  normally  (gaussian)  distributed  about  the  trend  line. 

For  normally  distributed  data,  95*J  of  the  measurements  lie 
within  1.96  standard  deviations  C 1 . 96  o)  of  the  trend  line 
[16].  Typically,  the  true  a of  the  data  set  can  only  be 
approximated  by  a sample  standard  deviation  5,  and  this 
approximation  is  good  only  for  large  data. samples  (i.e., 

30  or  more  measurements).  Frequently,  however,  due  to  trans- 
mitter outages,  monitor  outages,  or  previously  rejected 
data,  there  may  be  significantly  less  than  30  daily  VLF 
measurements  available  for  a particular  transmitter-pair 
in  a given  six-week  period. 

A more  appropriate  rejection  criterion  for  this  situation 
is  developed  in  [16]  and  [17]  where  it  is  show’n  that  for  n 
normally  distributed  measurements,  95^[  lie  within  ko  of  the 
trend  line,  where 


T /n  - 1 

k = , n > 3 (33) 

' 2 

vn  - 2 + T 
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and  T is  the  value  of  the  Student's  probability  distribution 
function  for  0.05  level  of  sipnificance  and  n-2  degrees  of 
freedom.  As  the  number  of  daily  measurements  increases  from 
3 to  a maximum  of  42,  k increases  from  1.41  to  1.95  (k  = 

1.96  for  n — ►«=) . 

SYNC2  employs  an  iterative  ko  outlier  rejection  scheme  that: 
computes  a six-week  sample  standard  deviation  a about  the 
measurement  trend  line,  rejects  all  measurements  exceeding 
ko  from  the  trend  line,  and  repeats  this  process  until  no 
new  outliers  are  found. 
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A BRIEF  REVIEW  OF  FREQUENCY  STABILITY  MEASURES 
Gernot  M.  R.  Winkler 

U.  S.  Naval  Observatory,  Washington,  D.  C. 


ABSTRACT 

A standard  statistical  treatment  of  the  measurements  of 
frequencies  of  clocks  can  be  done  simply  by  computing 
the  mean  u and  variance  of  these  measurements.  How- 
ever, drifts  (aging  of  crystal  clocks)  pose  a problem 
because  they  cause  a troublesome  dependency  of  u and 
on  N,  the  number  of  samples.  While  such  measures  in 
the  time  domain  can  be  made  more  meaningful  by  using 
the  mean  square  successive  difference  instead  of  as 
a measure  of  clock  stability,  RADAR,  microwave  spec- 
troscopy and  other  applications  require  measures  which 
give  sideband  to  carrier  power  ratios  (frequency  domain 
measures).  The  principles  of  such  measures  and  their 
various  advantages  and  disadvantages  will  be  discus- 
sed. 

INTRODUCTION 

This  paper  has  been  prepared  at  the  request  of  the  program  commit- 
tee which  wished  to  have  the  subject  of  frequency  stability  measures 
emphasized  as  one  of  the  issues  of  this  year's  conference.  It  is 
therefore  proposed  to  review  the  subject  as  an  introduction  to  more 
specific  papers  and  to  the  panel  discussion  which  is  to  follow  these 
presentations . 

There  is  a considerable  amount  of  written  material  available  which 
can  serve  as  introduction  to  our  subject.  One  of  the  best  introduc- 
tory coverages  is  given  in  Rovera's  (lEN,  1974)  lecture  notes.  Ap- 
pended is  a selected  list  of  original  contributions.  Two  excellent 
and  complementary  reviews  are  the  NBS  Technical  Notes  No.  669  (D.  Allan, 
1975)  and  No.  679  (D.  Howe,  1976).  One  cannot  expect  to  improve  upon 
such  lucid  and  exemplary  expositions  of  the  subject.  One  can  only 
attempt  to  present  it  in  a different  style,  context  and  accent. 

We  can  divide  nur  subject  according  to  various  lines  of  which  the 
division  short-tei.n  vs.  long-term  stability  is  only  a more  superficial 
division.  By  measurement  techniques  one  can  distinguish  measurements 
in  the  time  domain  from  frequency  domain  measurements.  One  can  char- 
acterize stability  in  the  time  domain  and  in  the  frequency  domain. 

Here  we  would  like  to  emphasize  yet  another  dichotomy: 
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A.  Trends,  Systematic  or  Deterministic  Variations  of  Frequency, 
vs. 

B.  Random  Variations  as  Part  of  a Random  Process. 

A failure  to  separate  the  systematic  variations  from  the  random  part 
will,  in  most  cases,  affect  any  characterization  of  a clock  in  a very 
misleading  way  (Barnes  and  Allan,  1964).  On  the  other  hand,  the  random 
part  of  the  observed  frequency  variations  of  a clock  is  of  the  same 
type  as  the  observed  variables  which  arise  from  many  other  random  proc- 
esses. Such  data  form  a time  series  which  can  be  investigated  and 
characterized  with  the  same  methods  as  have  proved  useful  in  other 
sciences.  We  therefore  do  not  have  to  re-invent  the  wheel  but  can 
simply  apply  what  we  can  find  in  the  literature  of  Time  Series  Analysis 
etc.  (Box  and  Jenkins,  1970,  Jenkins  and  Watts,  1968,  Wiener,  1949). 

CLOCK  SAMPLING 

Table  1 shows  the  general  scheme  which  we  can  follow  if  we  sample 
our  clock  error  x(t)  at  regular  intervals  h.  Such  sampling  is  the  basic 
measurement  in  the  time  domain.  We  use  a clock  output  marker  (which 
could  be  a pulse  or  a sine  wave  zero  crossing)  and  a reference  clock 
"R"  which  we  assume  to  be  perfect.  The  sampling  of  the  clock  error  of 
the  test  clock  "T"  is  done  with  a time  interval  counter  at  the  time  t. 

START(T)  - STOP(R)  = x(t)  (1) 

The  complement  of  x(t)  is  called  the  clock  correction,  C(t)  = -x(t). 
These  measurements  constitute  our  basic  time  series  in  which  we  desig- 
nate the  number  of  each  measurement  as  the  index  k. 

Table  1 


Index  Time 

k t=to+kh 

Clock  Error 
x(k) 

First  Diff. 
Vx(k) 

Second  Diff. 
v2x(k) 

Third  Diff. 
y3x(k) 

0 t + 
0 

Oh 

x(0) 

- 

- 

- 

1 t + 
0 

Ih 

x(l) 

vx(l) 

- 

- 

2 t + 
0 

2h 

x(2) 

Vx(2) 

V^x(2) 

- 

3 t + 
0 

3h 

x(3) 

Vx(3) 

v2x(3) 

v3x(3) 

4h 

x(4) 

Vx(4) 

v2x(4) 

V3x(4) 

5 t + 

n 

5h 

x(5) 

Vx(5) 

V2x(5) 

V3x(5) 
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We  assume  n + 1 measurements  (last  k = n).  We  use  "backward"  differ- 
ences V because  that  is  what  we  can  compute  in  real  time  immediately 
after  a measurement.  The  symbol  v may  also  be  understood  as  a linear 
operator  to  be  applied  to  a table  entry  Zj^  (cf.  Hamming,  1962): 


^("k^  = ^ - "k-1  (2) 

v(v"’(zk))  = v"i(zk)  - v'^(zk.i)  (3) 

A similar  operator  is  the  backshift  operator  B: 

B(zk)  = Zk_i  (4) 

We  have  obviously  the  following  operator  equation  which  is  true  for 
whatever  argument  is  chosen: 

V = 1 - B (5) 


(1  is  the  identify  operator).  A formalism  such  as  (5)  will  be  used  in 
the  discussions  of  the  Box-Jenkins  (1970)  approach  to  statistical  mod- 
eling. Let  us  apply  these  concepts  to  table  1 where  we  interpret  the 
m^^  difference  as  a symbolic  m'*^^  power  of  v.  We  use  the  binomial 
theorem: 


_ Bjm  , 


2 (-I)" 
r=0 


fml 


(6) 


3*^  means  that  we  apply  B r times.  As  an  example  we  can  write  the  gen- 
eral expression  for  the  3'^'^  difference  in  our  table  1 by  multiplying 
equation  (6)  with  x(k): 


v^x(k) 


3 

z 

r=0 


(-1)' 


'3' 

r 


x(k-r) 


= x(k)  - 3x(k-l)  + 3x(k-2)  - x(k-3) 


FREQUENCY 

The  average  normalized  (relative)  frequency  departure  (error)  during 
the  basic  interval  h is 


y,(k) 


vx(k)  _ ^ 
h ~ At 


(7) 
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Its  dimension  is  time  error  per  unit  time,  i.e.  it  is  a dimensionless 
(relative)  quantity.  It  is  therefore  given  as  parts  per  billion  etc., 
whereas  the  time  error  is  given  as  time,  e.g.  as  microseconds  (gs). 
Frequency  F,  as  distinguished  from  relative  frequency  error  y(t),  is 
given  in  cycles  (of  2n  radians  each)  per  second  (Hertz,  Hz).  The  period 
P is  the  duration  of  one  cycle:  P = 1/F.  Angular  frequency  n is  given 

in  radians  per  second  (rad/s)  and  we  have  n = 2tiF  and 


AF  1 . At  t 

F ■ At’  ^ “ fl 


(8) 


where  <j>  is  the  phase  error  at  the  frequency  F. 

Our  timing  waveform  is  always  bandlimited  since  it  comes  from  mate- 
ial  circuits.  Our  concept  of  average  frequency  may  therefore  be 
brought  to  the  limit  for  a smaller  and  smaller  sampling  interval  At  and 
we  obtain  the  concept  of  the  instantaneous  relative  frequency  departure 

AX  dx  _ 1 dt  _ 1 • 

zt  = dt  = fidt  " (5) 

At  ->o 

For  practical  reasons  our  basic  sampling  interval  h must  be  chosen 
sufficiently  long  so  that  the  Ax  can  be  resolved  above  the  noise  level 
of  measurement.  Once  the  measurements  are  recorded  it  is  of  course 
easy  to  choose  any  multiple  of  h as  the  averaging  or  integra-tion  time 
T.  In  the  general  case  we  have 

T = kh  (10) 

where  k > 1 is  a positive  integer. 

Now,  if  our  clock  errors  would  be  purely  deterministic  and  if  they 
followed  an  m^^  degree  polynomial 

x(t)  = + a^t  + a^t^  + a^t^  + + a^t'’’  (11) 

which  we  could  consider  e.g.  as  the  beginning  of  a Taylor  series,  then, 
according  to  the  fundamental  theorem  of  the  difference  calculus,  the 
mth  difference  would  be  a constant.  By  applying  the  operator  v m times 
one  can  verify  that 

'A(t)  = a;m!h'" 

If  we  use  the  index  k 
is  now  in  powers  of  k 

x(k)  = ag  + a-|k 


(12) 

as  the  argument  with  h = 1,  then  the  polynomial 
+ a2k^  + a3k^  + + aj^k"’  (11') 
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with 


"x(k)  = 


02') 


The  (m  + l)st  differences  are  zero, 
same  quantity  we  also  can  see  that 


Since  (12)  and  (12')  refer  to  the 


"m  = "m^"' 


(13) 


where  a^  has  the  dimension  of  time 


m+1 


But  in  addition  to  measurement 
noise,  bur  clocks  are  always  subject  to  random  disturbances  and  there- 
fore the  will  not  be  zero  but  will  reflect  the  clock  erratics. 
These  erratics  will  be  magnified  as  higher  differences  are  taken  ac- 
cording to  (6). 

These  properties  of  the  higher  differences  offer  a possibility  to 
obtain  insight  into  the  clock's  performance.  We  could  try  to  form  the 
average  difference 


v^x(k)  = 


1 

n - t+l 


n 

E 

k=z 


v^x(k)  (t  i V 


(14) 


for  successive  £ = 1,  2,  3 etc.  until  we  find  a v'''x(k)  which  is  not 
only  close  to  zero  but  also  shows  no  trends  if  we  take  different 
samples,  i.e.  which  is  stationary.  Our  clock  performance  would  then 
contain  a systematic  part  in  the  form  of  a polynomial  of  degree  m-1  and 
the  coefficient  of  the  highest  power  term  would  be 


^m-1 


x(k) 


(15) 


As  an  example  consider  a quartz-crystal  clock  which  can  be  modeled 
typically  with  a second  degree  polynomial  for  its  clock  errors 


x(k)  = aQ  + a-|k  + a2k^  + x'(k)  (16) 

where  x'(k)  are  the  residuals.  The  third  differences  will  average 
(show  no  trend)  close  to  zero  and  we  find  for  the  aging  coefficient 


y2x(k) 
32  = -y— 


(17) 


Furthermore  in  this  case  one  can  use  as  a measure  for  the  clock  errat- 
ics (the  random  part)  the  average  third  absolute  difference  as  it  once 
was  actually  used  by  H.  M.  Smith  in  the  early  50's  at  the  RGO.  Such 
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a measure  would  be  written  in  our  terms 


V = |v^x(k)| 

By  using  the  root  mean  square  we  obtain  a sort  of  higher  variance  (since 
the  average  is  close  to  zero)  as  it  has  been  discussed  by  Kramer  at  the 
PTB  (1975)  who  called  it  curvature  variance.  Expressed  as  sigma  (vari- 
ance vje  have 


a^(h) 


/ [Vh(k)]2 

V'  3!  h2 


(18) 


This  measure  is  insensitive  to  frequency  drifts  and  in  that  regard 
would  be  superior  to  the  pair  variance  (two  sample  Allan  variance). 
The  pair  sigma,  which  for  good  reasons  is  the  most  popular  frequency 
stability  measure,  is  in  our  terms 


5y(h) 


[v2x(k)]2 
2!  h2 


(19) 


Formulae  (18)  and  (19)  are,  in  fact,  just  special  cases  of  the  discus- 
sion given  by  Audoin  & Lesage  (1975).  A sample  variance  Oy,  finally, 

can  simply  be  obtained  by  averaging  the  Vx(k)  with  a naive  determina- 
tion of  the  standard  deviation  and  squaring  it.  But  again,  this  is 
usually  a misleading  procedure  if  we  do  not  first  take  off  any  trends 
in  the  record  (in  another  way  of  looking  at  the  problem  this  amounts 
to  forcing  the  averages  to  zero  in  which  case,  if  we  have  a white 
noise  process,  all  of  the  above  discussed  mean  square  measures  become 
variances  of  the  same  magnitude). 

The  simplest  case  in  principle,  and  a very  important  one  for  con- 
ceptual clarification,  is  the  case  of  purely  random  y(k)'s.  We  call 
that  white  FM.  A cesium  beam  atomic  clock  would  be  an  example  (typical- 
ly for  T > 10s)  since  the  servo  loop  error  signal  coming  from  the 
atomic  beam  tube  is  shot  noise  fundamentally  due  to  the  arrival  of  indi- 
vidual atoms  at  the  detector.  We  should  have  no  trends  in  this  case 
but  the  random  additions  of  noise  produce  a random  walk  in  x(t)  as  is 
shown  in  fig.  1.  This  random  walk  (RW)  has  neither  a stationary  mean 
nor  a stationary  variance  in  x(t)  but  of  course,  the  differences  con- 
stitute a normal  process  by  definition.  This  is  a major  reason  why  the 
y(t)  play  such  a large  role  in  comparison  with  the  x(t)  which  are  the 
values  one  measures  directly.  By  using  differences  one  gets  rid  of  not 
only  systematics  but  a RW  as  well. 
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An  actual  clock  performance  as  shown  in  fig.  2 (which  gives  the 
y(l'^)  of  Cs  571)  exhibits  always  some  systematic  disturbances  in  addi- 
tion and  the  clock  errors  are  therefore  much  larger.  In  addition  to 
a linear  trend  of  +1.5  x 10"^^  p.a.  which  has  been  removed,  we  see  that 
there  is  some  obvious  correlation  in  the  frequency  residuals.  U is 
this  tendency  of  frequency  variations  to  persist  for  a while  which 
produces  a dispersion  of  the  time  error  which  is  greater  than  in  the 
case  of  purely  random  FM. 

It  will  be  clear  at  this  point  that 

(1)  The  measures  of  deck  performance  based  on  sampling 
(table  1)  become  less  sensitive  to  long  term  trends  as  higher 
differences  are  used  for  the  analysis. 

(2)  It  would  be  most  desirable  to  agree  on  a standard  way 
to  reduce  the  data  to  a clock  performance  measure  which  is 
related  to  the  application  of  clocks  rather  than  to  adopt 
procedures  such  as  those  which  led  to  formulae  (14)  and  (15). 

The  statements  (1)  and  (2)  are  in  mutual  conflict  only  at  first  sight 
because  in  almost  all  cases  we  do  not  need  to  go  to  higher  than  sec- 
ond differences  if  we  take  off  any  long-term  trends  first.  This  allows 
us  to  satisfy  the  requirement  (2)  in  the  most  straightforward  way. 

A.  Elimination  of  Trends 

There  are  three  main  classes  of  approximating  functions  which  we 
can  consider  viz. 

(1)  Polynomials  in  t (or  k)  of  degree  m, 

(2)  Fourier  Series, 

-a.jt 

(3)  Exponential  Functions,  ^ ® 

i 

All  of  these  transform  into  another  function  of  the  same  kind  (they  are 
class  conservative)  under  a transformation  t >■  t + k,  i.e.  we  can 
assume  that  there  is  no  special  origin  inherent  to  the  problem.  If  any 
singularity  is  present  in  the  record  then  one  can't  use  these  functions, 
at  least  not  for  the  whole  range.  In  the  case  of  clock  records  we  are 
not  so  much  concerned  with  genuine  singularities.  But  often  we  see 
breaks  in  clock  rate  due  to  a specific  but  usually  unknown  disturbance. 
The  most  natural  way  to  handle  such  cases  is  to  break  the  record  at 
these  points  and  to  use  a particular  function  for  the  approximation  of 
each  undisturbed  part.  The  simplest  case  would  be  the  approximation  of 
a clo^ck  with  pieces  of  straight  lines.  This  can  usually  be  done  with 
the  y(k). 
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Only  class  (1)  is  class  conservative  also  under  the  transformation 
t * kt.  This  class  is  therefore  of  major  importance  if  no  natural  scale 
is  inherent  in  the  problem.  For  an  extensive  discussion  of  approxima- 
tion with  these  mathematical  functions  cf.  Hamming  (1962).  For  these 
reasons  clocks  have  been  approximated  with  polynomials  in  the  over- 
whelming number  of  cases.  Quadratic  and  cubic  polynomials  are  usual 
for  the  y(k)  and  the  x(k)  of  crystal  clocks  (the  cubic  is  to  account 
for  a changing  frequency  drift  due  to  aging).  For  the  mathematics  of 
polynomial  approximation  cf.  Jordan  (1965)  if  one  does  not  have  a 
"canned"  computer  or  calculator  program  available. 

It  is  clear  that  by  increasing  the  degree  of  the  polynomial  one  can 
reduce  the  variance  of  the  residuals  but  there  is  an  absolutely  essen- 
tial point  to  be  kept  in  mind.  Any  attempt  to  absorb  the  random  vari- 
ations in  a mathematical  model  with  a complexity  greater  than  what  is 
necessary  for  the  elimination  of  the  genuine  long-term  trend  will  lead 
to  completely  illusory  gams.  An  apparent  slight  decrease  of  the  vari- 
ance of  tne  residuals  will  have  been  obtained  at  the  price  of  a 
representation  of  the  trends  which  is  useless  and  even  dangerous  for 
any  amount  of  extrapolation . The  same  danger  exists  if  a clear  break 
due  to  a real  clock  disturbance  occurs  and  is  not  recognized  as  such 
but  incorporated  into  a greater  complexity  of  the  clock  model.  Eighth 
and  higher  degree  polynomials  have  been  used  for  long  term  clock  model- 
ing instead  of  breaking  up  the  record  into  pieces  which  can  be  fitted 
with  a low  order  polynomial.  This  is  fundamentally  wrong  and  danger- 
ous. Similar  is  the  principle  of  parsimony  (Box  & Jenkins,  1970). 

However,  the  elimination  of  trends  is  usually  extremely  simple. 

Of  greatest  importance  is  the  recognition  of  breaks  or  steps  in  the 
record.  In  most  cases  we  will  then  find  a more  or  less  linear  drift  of 
frequency  which  can  easily  be  subtracted  from  the  record.  In  some  cases 
the  elimination  of  trends  is  a tricky  problem  and  it  is  wise  to  be  con- 
servative and  to  take  off  only  the  most  obvious  overall  trend  instead 
of  trying  to  be  sophisticated.  In  that  case  one  is  likely  to  end  up 
with  a mathematical  model  for  the  low  Fourier  frequency  components  of 
the  random  part  of  the  frequency  variations. 

Of  course,  the  problem,  if  there  is  any,  can  always  be  solved  by 
going  to  higher  differences.  Such  a filtering  (1^^  order  differences) 
is  already  being  done  automatically  by  using  frequency  instead  of  phase 
records  for  evaluation.  This  brings  us  one  step  closer  to  the  goal  of 
stationarity  which  produces  stable  measures.  But  this  is  of  major 
importance  mainly  in  clock  modeling  for  purposes  of  prediction  and  much 
less  so  for  the  characterization  of  performance  as  needed  for  specifi- 
cations, testing  etc.  It  is  a main  benefit  of  the  pair  variance  that 
it  uses  second  differences  thereby  avoiding  most  of  the  problems 
mentioned  while  still  giving  an  objective  reproducible  measure  which 
is  closely  related  to  at  least  one  important  class  of  applications. 
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B.  Random  Process  Characteri zation 


Assume  that  we  have  freed  our  record  from  obvious  trends.  A natural 
question  will  be  whether  the  residuals  x'(t)  will  now  be  purely  random 
and/or  stationary.  Particularly  the  stationarity  question  has  plagued 
the  discussions  because  of  a number  of  frequent  misunderstandings. 

First  we  must  realize  that  no  natural  process  can  be  assumed  stationary 
in  the  sense  that  its  statistical  measures  are  independent  of  time. 

The  universe  does  not  allow  any  process  to  go  on  indefinitely,  therefore 
life  time  limitations  and  aging  phenomena  are  commonplace.  Stationarity 
can  only  be  a property  of  models  as  it  was  pointed  out  so  emphatically 
by  Barnes  (1976)  and  Barnes  et  al  (1971).  The  question  must  then  be 
asked  whether  and  how  one  can  apply  stationary  models. 

Let  us  consider  an  example:  Fig.  3 gives  the  daily  frequencies  of 

clock  837  after  removal  of  a linear  frequency  drift  of  -7.2  x lO"^^ 
p.a.,  in  a record  of  more  than  900  days.  We  can  see  two  types  of  non- 
stationarity  quite  clearly: 

(i)  a residual  long-term  frequency  variation  of  systematic 
character  (non-stationari ty  of  g)  and 

(ii)  an  increase  in  the  frequency  variations  from  day  to  day 
(non-stationarity  in  o^). 

If  we  really  want  to  characterize  fully  the  behavior  of  this  clock  then 
we  must  display  the  record  as  it  is  given  in  fig.  3.  Any  other  measure 
of  frequency  stability  characterization  can  only  be  done  by  compacting 
data.  But  this  is  a euphemism,  we  actually  must  throw  data  away.  If 
I say  that  after  drift  removal  the  sample  variance  is  4.4  x lO"^^ 

(o  = 2.1  X 10”^^)  then  this  will  give  only  a very  general  idea  of  the 
overall  variations  and  it  will  be  too  pessimistic  for  most  purposes. 

The  day  to  day  variations  are  really  much  smaller.  In  contrast  to  the 
sample  variance  which  is  rather  useless  in  such  a case,  the  pair  sigma 
(corresponding  to  the  two  sample  Allan  variance)  is  more  realistically 
tuned  to  what  is  useful  in  a time  keeping  application.  It  is  only 
0/(1°)  = 4.5  X 10“^‘*.  This  datum  will  be  even  more  useful  if  we  add 
t'' e explanation  that  this  is  an  average  val  ue,  that  the  sigma  is  better 
for  the  first  two  years  of  operation  and  is  getting  worse  now.  There- 
fore we  must  also  realize  that  the  stability  measures  have  a time  vari- 
ability. This  adds  a significant  complication  to  the  problem  of  sta- 
bility measures.  We  interpret  our  samples  as  pieces  of  stationary 
time  series  models  and  we  state  the  model  parameters  as  they  change 
with  the  samples  which  come  from  later  iates  (when  the  clock  ages). 

Since  the  samples  are  necessarily  limiu-d  in  time,  our  confidence  in 
the  statistics  must  be  limited  also  (cf.  Lesage  and  Audoin,  1973).  But 
there  is  no  point  at  all  in  insisting  on  hairsplitting  perfection  which 
is  of  no  concern  in  practice  since  we  don't  have  perennial  clocks. 


THE  AUTOCOVARIANCE  AND  THE  SPECTRAL  DENSITY 


As  we  could  see  in  the  last  example,  the  frequency  residuals  y'(t) 
can  be  correlated  in  time  (fig.  3).  A purely  random  (uncorrelated , 
normal)  process  is  easy  to  characterize  with  its  mean  p and  the  vari- 
ance 0^.  A process  with  correlated  distrubances  z(k)  can  be  character- 
ized by  its  sample  mean  u (we  use  the  "hat"  to  distinguish  the  estimates 
from  the  ideal  population  parameters): 

1 n 

y = 7:  • I z(k)  = z (20) 

k=l 

and  the  autocovariance  (acvf)  for  lag  u: 

c(u)  = ^ • I (zi  - z)  (zi_u  - z)  = y(u)  (21) 

i=u+l 

and  we  see  immediately  that 

c(0)  = 52  (22) 

The  acvf  is  the  average  lagged  product  of  the  deviations  from  the  mean 
and  can  therefore  be  interpreted  as  a quantity  which  originates  from 
the  variance  but  which  is  "spread  out"  into  the  lag  axis.  For  any  pre- 
cision in  the  estimates  it  is  clear  that  n will  need  to  be  large  and 
in  general  will  be  n > 50.  The  normalized  acvf  is  known  as  the  auto- 
correlation function  (acf)  o(u): 

p(u)  = ^ (23) 

'(OJ  0“^ 

Obviously  the  c(u)  or  the  r(u)  = r(u)  cannot  be  estimated  confidently 
for  greater  lags  than  a fraction  of  n and  in  practice  one  should  stay 
within  u < n/2.  (Jenkins  and  Watts  recommend  u < ^) . Completely 

random  uncorrelated  disturbances  will  have  an  acf  which  drops  to  zero 
for  any  u ■ 1.  In  contrast  we  see  that  actual  clocks  show  a r-(u) 

which  indicates  significant  correlation  for  lags  of  many  days  (i^igs.  4 
and  5).  Indeed  the  acvf  of  v(t)  gives  most  of  the  significant  informa- 
tion of  interest  but  it  does  not  give  it  in  a form  which  is  best  suited 
for  further  analysis.  That  is  available  in  the  Fourier  transform  of  the 
acvf,  the  (one-sided)  sp-  :tral  density  of  the  y: 


Sy(Y)  = 4 Y(u)cos(2Trf 'u)du  (24) 
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Since  the  S(f)  and  the  acvf  are  a Fourier  transform  pair  we  also  can 
go  backwards  to  the  acvf  once  we  know  the  S(f): 


oo 

[ Sy{f )cos(2TTf -u)df 
J ^ 

O 


(25) 


A consequence  of  this  last  formula  is 


I 

I 

I 

I 

I 

I 

> 

t 


i 


CO 

yJO)  = ai  = ! S_(f)df 

y y j y 

o 


(26) 


which  explains  S(f)  as  a variance  density  function  of  Fourier  fre- 
quency. Its  dimension  is  therefore  variance  per  Hz.  One  must  not  be 
misled  by  these  simple  and  transparent  relationships.  5(f)  is  not 
directly  available  but  must  be  computed  from  a finite  sample.  This  can 
be  a tricky  process  and  Jenkins  and  Watts  (1968)  or  similar  references 
must  be  consulted  for  guidance  on  details.  Figs.  6 and  7 show  examples 
of  5y(f)  computed,  however,  from  the  acf  which  normalizes  the  plots  to 

a = 1 . 

A special  caveat  concerns  the  role  of  x.  For  each  value  chosen, 
Y-(u)  and  Sy-(f)  will  be  different  as  can  be  seen  from  (26)  but  also 

because  of  the  measurement  resolution  which  changes  with  x.  The  es- 
sential point  is,  however,  that  sampling  the  frequency  for  an  interval 
X corresponds  to  a convolution  with  a rectangular  time  window.  This 
is  transformed  into  the  frequency  domain  as  a factor 


n^(irfx) 

(itfx)2 


SO  that  the  spectral  density  of  yx(K)  is  really  obtained  from  the  spec- 
tral density  of  y,  the  instantaneous  relative  frequency  departure,  by 
multiplication  with  K; 

Sy(<^)  = Sy(f)-K  (28) 


A second  factor  K'  is  needed  if  we  want  to  compute  an  estimated  variance 
for  a sample  of  finite  data  length.  As  explained  by  Cutler  and  Searle 
(1966)  in  great  detail  (their  paper  is  indispensable  for  an  understand- 
ing of  details,  unfortunately  it  is  full  of  annoying  misprints),  sam- 
pling for  a total  time  n-h,  cf.  table  1,  and  removing  the  drift  and 
average  (i.e.  our  elimination  of  systematics)  corresponds  to  a high 
pass  filtering  with  two  zeros  and  a cutoff  frequency 


^ J 

^ ' — --  - - - 
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f 


f|_  = 1/nhn  (29) 

Therefore  the  variance  in  such  a sample  must  be  expected  to  be  smaller 
than  the  true  variance.  The  computation  achieves  this  with  the  factor 

K'  = 1 - (sin2fnhTT)/(fnhTr)2  (30) 

and  we  obtain 

00 

oi(h)  = f S^(f)-K-K' -df  (31) 

y ) ^ 

o 

The  high  pass  filter  action  of  K'  can  usually  (if  we  have  removed  the 
systematics)  be  approximated  by  a low  frequency  cutoff  on  the  integral 


ol  (h)  'u  J Sy(f)-K-df  (32) 

1/nhn 

A method  of  obtaining  o from  the  frequency  domain  without  sampling  and 
digital  analysis  is  actually  based  on  this  formula  (Rutman,  1974, 

Rutman  and  Sauvage  1974). 

On  the  other  hand  if  we  consider  how  we  actually  obtain  our  estimate 
of  Sy(f),  the  ^(f),  then  the  situation  is  somehow  the  reverse  of  what 

we  have  just  discussed.  Data  acquisition  for  a total  time  h-n  corre- 
sponds to  a convolution  of  the  true  S(f)  with  a filter  function  Q(-(f) 
which  is  the  Fourier  transform  of  the  time  window  (the  Hanning  or 
Hamming  etc.  which  we  perform  on  the  acvf).  Therefore  the  true  S(f) 
differs  from  the  estimate  S(f)  which  we  compute; 

i E[S]  = S8Q_(f)  (8  signifies  convolution)  (33) 

I ^ 

The  effect  of  this  is  a blurring  of  the  details  of  S(f),  making  it 
impossible  to  resolve  details  finer  than  Af-vl/nh^. 

Since  Sy(f)  is  of  such  fundamental  importance  for  frequency  stabil- 
ity considerations,  the  accepted  terminology  concerning  types  of  clock 
erratics  often  refers  to  it.  As  an  important  example  we  mention  white 
FM,  completely  uncorrelated  frequency  disturbances,  which  is  charac- 
terized by  a Sy(f)  = constant  between  the  practical  limits  f^  and  f^ 

given  by  record  length  and  sample  interval.  We  have 

fh  = l/2h  (34) 
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This  is  related  to  the  sampling  theorem  which  one  must  also  keep  in 
mind  in  regard  to  the  danger  of  aliasing.  If  the  sampled  process  con- 
tains substantial  noise  at  or  above  f^  then  special  filtering  is  ad- 
visable (cf.  Baugh  1971). 

GENERAL  COMMENTS  ON  THE  USE  OF  STATIONARY  MODELS: 


If  z(t)  (which  could  be  a model  for  our  x,  y or  any  of  the  v's)  is 
stationary  then  y(u)  is  an  even  function  and  the  probability  distribu- 
tion function  P(z)  (pdf)  is  time  invariant. 

If  z(t)  is  "wide  sense"  stationary  then  u is  constant  and  y(u)  is 
only  a function  of  u. 

If  z(t)  is  stationary  and  ergodic  then  the  ensemble  (stochastic) 
average  y is  equal  to  the  time  average  F(t) : 


p = z(t) 


nm  ^ 


z( t)dt 
-T 


(35) 


If  we  have  done  a sufficient  job  with  the  removal  or  filtering  of  the 
systematics  then  our  averages  will  remain  stable  regardless  of  which 
part  of  the  record  we  select  for  estimating  the  average: 


1 i+N 

p(N,i)  = TTiT  ^ z(k) 
N+1  k=i 


(36) 


will  be  nearly  constant  if  N is  sufficiently  large. 

A large  power  of  S(f)  at  low  frequencies  f is  typical  for  trends 
which  have  not  been  removed  (cf.  figs.  3 and  7).  Barnes  (1976)  gives 
an  excellent  discussion  that  in  such  cases  the  experimenter  cannot 
make  believable  statistical  estimates.  Many  learned  arguments  about 
what  happens  at  f = 0 have  simply  overlooked  the  fact  that  as  one  runs 
out  of  data,  one  also  loses  the  justification  for  the  use  of  statis- 
tics. This  is  the  real  meaning  of  the  distinction  of  trends  from 
the  higher  frequency  noise  which  alone  is  the  genuine  raw  material 
for  statistics.  But  there  is  also  this  other  aspect  of  the  separation. 
Most  applications  are  concerned  only  with  clock  properties  for  time 
intervals  which  are  shorter  than  a certain  limit  of  usefulness  given 
by  the  nature  of  the  problem  (e.g.  re-synchronization  interval,  or 
time  constant  in  a feedback  loop  etc.).  Therefore  measures,  in  order 
to  be  useful,  must  have  been  freed  from  long  term  effects  (Barnes  & 
Allan,  1964). 
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4 


DISTRIBUTION  OF  THE  y(k) 


_ It  was  obvious  from  some  of  the  previous  examples  that  the  actual 
y(k)  may  not  be  Gaussian  distributed.  If  z be  again  a representati ve 
random  variable,  p(z)  the  probability  density  function  and  P(z)  the 
probability  distribution  function  then  we  have,  of  course, 

Z oo 

P(z)  ='  [ p(z)dz  and  f p(z)dz  = 1 (37) 

— oo  .JO 

One  can  plot  the  P(z)  as  a function  of  the  magnitude  of  the  deviation 
preferably  expressed  in  units  of  a.  Figs.  8 and  9 give  an  estimate  of 
P(y-](j)  of  our  two  representative  cesium  clocks  571  and  837.  One  notes 
the  non-normal  nature  of  the  erratics  of  837.  Such  plots  seem  to  have 
only  very  limited  usefulness  compared  with  the  plot  of  y(t)  itself. 

THE  PAIR  VARIANCE  (TWO  SAMPLE  ALLAN  VARIANCE) 

In  our  examples  which  showed  actual  clock  behavior  (Cs  571  and  837) 
we  could  see  that  even  in  the  absence  of  long-term  trends,  the  determi- 
niation  of  the  estimates  of  variance  (6^)  depends  on  the  number  of 
samples  taken.  It  was  therefore  proposed  by  Barnes  and  Allan  (1964)  to 
use  N = 2 samples  for  a variance  determination  and  to  average  over  many 
such  groups  to  improve  the  estimate.  Such  grouping  produces  a variance 
which  is  the  limiting  case  of  a sample  variance  and  one  idea  would  be 
to  simply  standardize  the  procedure  to  N = 2.  However,  this  pair  vari- 
ance has  additional  benefits.  The  general  sample  variance  depends  not 
only  on  the  number  N but  also  on  any  deadtime  T between  frequency 
measurements  and  Allan  (1966)  introduced  the  notation  o^(N,T,t)  for  this 

y 

general  sample  variance.  In  our  case  of  x(t)  sampling  we  have,  of 
course,  no  deadtime  between  frequency  measurements  because  we  can  com- 
pute the  y.f=kh>  cf.  our  equation  (10),  for  any  selected  sequence  of 
measurements.  Since  the  pair  variance  is  developed  by  Allan  as  the 
limit  for  N = 2 of  the  general  sample  variance,  it  contains  a factor 
of  2 in  the  denominator  which  is_the  only  difference  from  the  mean 
square  successive  difference  of  y.  The  mean  square  successive  differ- 
ence was  used  already  by  von  Neumann  and  others  (1941)  for  the  charac- 
terization of  processes  with  a drift  such  as  it  was  encountered  in 
ballistic  testing. 

Allan  has  also  introduced  a variance  ratio  x (we  assume  zero  dead- 
time: 

j2(N  ,T  ) 

x(N,t)  = (later  also  denoted  Bi(N,y))  (38) 

a^(2,T)  ' 
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For  purely  random  noise  x = find  this  allows  an  easy  check  for  the 
noise  type  present  in  one's  data.  For  details  one  should  consult  Allan 
(1966)  but  it  must  be  kept  in  mind  that  the  utility  of  x is  primarily 
limited  in  usefulness  to  cases  where  "power  law"  noises  predominate. 

We  can  see  this  from  the  following  relationships: 


F (Yk-  Yk-l)' 
k=2  ^ 

~~2(n  - 1) 


(39) 


which  for  large  n becomes  approximately 


o±. 


(2,t) 


k 


1_ 

n-1 


n 

Z 

k=2 


YkYk-1 


(40) 


If  u(y)  is  assumed  to  be  zero  then  the  first  term  will  be  the  estimated 
variance  and  the  second  the  estimated  acvf  for  a lag  of  1 (which  is 
if  expressed  in  s) : 


ai(2,r)  = a2[y'(T)]  - C-(l) 

y y 


(41) 


since  c(u)  = 
samples 

x(N,t)  'V' 


r(u)o^  we  obtain  as  a useful  approximation  for  large 


v-'v;o) 


(42) 


We  can  see  that  Allan's  variance  ratio  can  be  related  easily  to  the 
beginning  of  the  autocorrelation  function.  Considering  the  great 
simplicity  of  the  concept  and  the  computation  of  x(N,tK  ii"  we  restrict 
ourselves  to  the  case  N=n  and  no  deadtime,  it  is  a very  useful  tool  in 
the  set  of  the  various  stability  measures.  The  pair  variance  o£(t) 

y 

which  is  a short  hand  notation  for  5£(2,t)  and  much  more  so  the  pair 

y 

sigma  6^(1)  have  become  a standard  for  frequency  stability  specifica- 
tions and  measurements  for  averaging  times  greater  than  about  Is 
because  it  is  the  simplest  quantity  to  measure  and  it  is  relatively 
insensitive  to  the  choice  of  measurement  circumstances.  It  provides 
an  objective  measure  even  in  the  presence  of  some  systematics  in  the 
record  because  it  uses  second  differences  of  phase  as  we  saw  in  our 
equation  (19).  In  practice,  the  incentive  to  go  to  more  sophisticated 
aggregates  of  the  v"’(k)  for  m ^ 2 has  been  rarely  given  in  view  of  what 
we  said  before  about  the  necessary  removal  of  systematics. 
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An  excellent  characterization  of  oscillator  performance  can  be 
given  in  the  form  of  sigma-tau  double  logarithmic  plots  as  shown  for  our 
two  Cesium  clocks  571  and  837  in  figs.  10  and  11.  In  the  case  of  Cs  837 
we  can  see  the  effect  of  the  systematic  variations  in  an  upswing  of  the 
graph  for  large  tau's. 

MEASURES  IN  THE  FREQUENCY  DOMAIN 

Up  to  now  we  have  used  the  x(t)  measures  as  basis  for  our  perform- 
ance characterization;  we  operated  in  the  time  domain  and  did  or  did 
not  transform  our  results  also  into  the  frequency  domain  to  obtain 
Sy(f).  However,  for  about  f > 1 Hz,  such  measures  can  also  be  obtained 
directly.  Since  we  are  now  dealing  with  relatively  fast  phenomena,  the 
problem  of  removal  of  the  systematics  can  be  easily  circumvented  by_ 
phaselocking  the  oscillators  together.  This  assures  that  <t>(t)  and  /{-(t) 
will  only  vary  around  zero.  The  phaselock  loop  (PEL)  can  act  as  a fre- 
quency or  as  a phasedetector . If  the  time  constant  of  the  PEL  is 

then  the  error  signal  will  be  proportional  to  the  phase  error  $(t)  for 
times  T <<  tl  and  proportional  to  4>(t)  for  t >>  x^.  We  can  assume  that 
the  phase  detector  is  operated  in  its  linear  range.  A narrow-band  low 
frequency  spectrum  analyzer  or  wave  analyzer  is  used  to  scan  the  PEE 
error  signal  for  the  AC  power  which  is  contained  as  a function  of 
(Fourier)  frequency  f.  We  obtain  directly  the  sideband  power  of  the 
phase  or  frequency  variations  depending  on  the  choice  of  the  PEE  time 
constant.  Of  course,  the  various  measures  are  closely  interrelated 
(cf.  table  2).  However,  in  contrast  to  the  long-term  measures  where 
one  prefers  Sy(f)  for  the  reasons  discussed,  here  S^(f)  is  more  popular 
because  most  oscillators  are  dominated  by  white  phase  noise  in  a large 
part  of  the  spectrum  and  this  gives  a horizontal  line  in  S,j,.  Also  in 
the  applications,  phase  noise  is  the  more  fundamental  concept  and  S^(f) 
is  more  closely  related  to  what  is  measurable  in  the  laboratory.  The 
unit  of  S|j,{f)  is  again  a variance  (now  in  radians^)  per  Hz.  The  side- 
band power  can  also  be  directly  expressed  as  a ratio  in  terms  of  the 
(Suppressed)  carrier  in  db. 

Therefore,  we  see  three  different  phase-time  spectral  densities  in 
use  today:  S^(f)  is  the  time  error  spectral  density  which  is  independ- 
ent of  the  signal  frequency  F.  S^(f)  is  the  phase  error  spectral  den- 
sity which  increases  with  the  square  of  F.  Finally,  X,(f)  is  defined 
variously  as  the  single  sideband  to  carrier  power  ratio  per  Hz  in  the 
RF  spectrum  assuming  negligible  AM.  The  ratio  is  also  often  given  in 
respect  to  total  power  with  little  practical  difference  for  high  per- 
formance oscillators.  In  the  latter  case  one  can  speak  of  a normalized 
density  measure  since  the  integral  over  the  total  RF  spectrum  (which 
in  f-measure  goes  from  -F  to  +•> , since  f is  centered  on  the  carrier) 
must  be  one: 


00 


(f)df  = 1 

i 

-F 


(43) 


X(f)  was  used  by  NBS  for  some  time  but  there  is  general  agreement 
today  that  Sjf)  is  more  clearly  defined  and  more  directly  related  to 

y 

wnat  can  be  measured  with  the  usual  test  set-up.  For  small  phase  devi- 
ations (<{)  <<  1 rad)  we  may  use  as  an  excellent  approximation 


■'■(n  = ^s^(f) 


(44) 


A PLL  phase  detector  output  voltage  Vp  (we  assume  T|^  >>  -)  can  be  con- 
verted into  the  phase  error  (assuming  the  signal  is  kept  in  guadrature 
with  the  reference  which  is  assumed  noise  free) 


V/rad 


(45) 


where  V/rad  is  the  phase  detector  sensitivity  to  phase  errors.  The 
variance  oi^  f at  the  wave  analyzer  setting  f is  per  Hz: 


SJO 


= I. 


r V 


p,rms 


V/rad 


/Hz 


(46) 


If  the  signal  frequency  is  measured  after  a frequency  multiplication  of 
m times  then  S^(f)  will  be  increased  by  m^  (its  db  measure  will  in- 
crease by  20  log  m). 

Example:  Two  equal  quartz  crystal  oscillators  with  a 5 MHz  output 

are  being  measured  at  25  MHz  (m  = 5)  and  we  assume  a phase  detector 
sensitivity  of  2V/rad.  We  measure  with  a wave  analyzer  of  1 Hz  band- 
width a rms  voltage  of  200  nV  at  100  Hz.  This  will  give  for  one  oscil- 
lator at  5 MHz  a 

(100  Hz)  = - 140  db  - 14  db  - 3 db  (2  oscillators) 

= - 157  db/Hz 

For  more  details  cf.  Howe  (1976)  and  Shoaf  et  al  (1973).  Practical 
questions  are  discussed  by  M.  Fischer  (this  volume). 
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Note:  We  have  used  only  one-sided  spectral  densities  S (with  0 

< f ^ . Two  sided  spectral  densities  S are  more  popular  in  theore- 

tical work  (where  f goes  from  - ” to  + »>1 . We  have 

1 

^ = — S and 

(-17) 

00  oo 

1 S(f)df  = [ S(f)df 

-oo  Q 

RANDOM  PROCESS  MODELING  AND  FORECASTING 

Given  a white  noise  process  a|^  with  zero  mean  and  (constant)  vari- 
ance al  we  can  ask  how  a more  complicated  process  Z^.  such  as  observed 
in  the  y(k)  of  clocks  can  be  simulated  on  a digital  computer.  Box  and 
Jenkins  (1970)  discuss  several  classes  of  models: 

a)  The  Moving  Average  (MA)  of  order  q is  given  by 

^k  = "k  ^ "k-i  ^ S "k-2  ^ ^ Vk-q 

which  can  be  written  with  the  aid  of  our  operator  notation 

Z^,  = 0(s)a,^  with  0(B)  = 1 + 0,B  + . . . + OqB^  (49) 

where  0(B)  is  the  MA  operator. 

For  finite  q this  process  is  always  stationary. 

b)  The  Au_tj)je£re_ssi v_e  Pro^^  of  order  p (AR)  is 

h = ^k-i  ^ ^ Vk-P  ^ ^ 

which  in  our  short  hand  becomes 

(1  - tjB  - ...  - 'tpBP)Zk  = a,^  or  f(B)Z|^  = (51) 

where  f(B)  is  the  AR  operator.  The  magnitude  and  sign  of  the 

determines  the  degree  of  internal  correlation  of  the  process  and  it  is 
seen  that  a large  variety  of  processes  can  be  obtained  since  e.g.  for 
large  i and  large  positive  l>.j  a low  frequency  component  of  S(f) 


results,  whereas  large  negative  coefficients  at  small  i must  produce 
high  freguency  components. 


c)  A mixed  model  can  combine  the  AR  with  a NIA  to  represent  an 
ARW  model 

■f(B)Zj.  = 0(B)a,^  (52) 

With  such  a model  almost  any  spectrum  can  be  obtained. 

d)  This  process  can  be  further  modified  to  include  integration 
(which  produces  a random  walk  type  behavior  in  the  Z|^)  by  modeling  a 

difference  of  the  process.  This  could  be  written  as  the  ARIMA  model 
of  order  (p,  d,  q) 

;.(B)v^Z,,  = (B)a^  (53) 

We  note  that  we  have  a stochastic  trend  of  order  d if  v'^Z^^  is 
stationary.  In  the  presence  of  such  trends,  differencing  reduces 

o(v’Z)  to  a minimum  for  then  it  increases  again  (cf  our  formulae 
6 and  12).  This  leads  to  our  discussion  around  equations  14  and  15. 

An  equivalent  formulation  would  be  to  model  a random  variable  W|^ 

T(B)w^  = Q(B)a^  (54) 

and  then  to  sum  the  Wj^d  times  to  obtain  the  Z(^. 

Now  assume  that  we  have  found  a reasonably  simple  model  which  pro- 
duces clock  noise  of  the  same  kind  (with  the  same  measures  such  as  the 
acvf,  §,  etc)  as  observed  in  the  clock  under  test.  Assume  tnat  a suf- 
I ficiently  long  series  of  clock  data  is  available  and  has  been  repre- 

sented by  our  model  Z|^  up  to  time  k.  We  call  the  Z[^(0  the  forecast 

at  k for  a lead  of  i.  Under  the  assumption  that  the  errors  in  the 
estimated  model  parameters  are  small  and  that  _the_  inod^l  remains  un- 
chan^ed  in  the  future,  a so-called  optimum  forecast  can~5e  Stained 
foptimum  on  a minimum  mean  square  error  basis): 

i E [Z(k  + f.)  - Z|^(f.)]2  = min.  (55) 

. However,  in  practice  these  assumptions  are  rarely  valid.  Box  and 

Jenkins  (1970)  emphasize  these  points: 

a)  It  is  essential  to  separate  trends  before  modeling. 


J 


.go? 
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b)  When  the  model  is  not  adequate,  simple  visual  extrapolation  is 
the  best  method  of  forecasting. 

One  may  also  note  that  the  above  approach  is  completely  equivalent 
to  the  "filter"  approach  as  sketched  in  fig.  12.  The  coefficients  of 
the  digital  filter  (as  well  as  the  operators  $ & 0)  contain  the  same  in- 
formation as  the  spectral  density  S(f).  However,  as  Barnes  (1976) 
emphasizes,  it  is  easy  to  go  from  the  filter  and  the  model  to-S(f)  and 
to  a time  domain  measure  such  as  o^(t)  but  the  opposite  is  not  possible, 

at  least  in  the  general  case. 

In  summary  it  must  be  stressed  that  any  theoretical  basis  available 
must  be  utilized  for  the  removal  of  systematics  instead  of  building 
models  which  are  solely  based  on  purely  statistical  fits.  This  is 
true  even  if  the  theoretical  ideas  are  most  general  which  may  still  be 
sufficient,  e.g.,  to  explain  the  puzzling  flicker  noise  (cf.  Percival, 
1976). 

Models  have  an  important  place  in  diagnostics,  simulation  and  sys- 
tems optimization.  In  this  regard.  Box  and  Jenkins  (1970)  also  dis- 
cuss the  estimation  of  a system's  transfer  function  from  an  available 
model . 

CONCLUSIONS  AND  RECOMMENDATIONS 

In  order  to  obtain  sound  measures  pf  clock  performance  it  is  nec- 
essary to: 

a)  Specify  the  conditions  of  measurement  such  as  f^,  the  systems 

bandwidth;  n,  the  number  of  measurements;  F,  the  frequency  of  the  sig- 
nal; T,  dead  time  if  any,  in  the  case  of  frequency  measurements;  the 
experimenters  trust  in  the  results  if  not  expressed  as  confidence 
based  on  n;  the  environmental  conditions,  etc. 

b)  Remove  any  obvious  systematics  such  as  drifts  and  state  them 
separately  before  the  random  part  of  the  clock  performance  (the  errat- 
ics) is  analyzed.  Failure  to  do  so  leads  to  unnecessary  complications 
and  often  to  erroneous  results. 

c)  Determine  and  state,  if  possible,  the  environmental  sensitivity 
in  coefficients  of  sensitivity  to  pressure,  temperature,  vibration, 
acceleration,  magnetic  field,  etc. 

d)  State  the  clock  erratics  in  the  same  language  (time  or  frequency 
domain)  in  which  the  needs  can  be  identified.  A conversion  is  possible 
but  problematic,  particularly  from  time  domain  to  frequency  domain. 
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For  the  important  case  of  power  law  spectra,  conversion  can  be 
accomplished  by  means  of  Table  2.  State  any  observed  time  dependency 
of  the  statistics. 

2 

1)  Time  Domain.  The  two  sample  Allan  variance  Oy(T)  (or  rather 

the  "pair"  sigma  has  become  a de  facto  standard.  A double  log 

plot  of  Oy(i)  contains  most  of  the  information  of  possible  interest  in 
timekeeping.  The  practical  range  is  for  t > Is. 

2)  Frequency  Domain.  For  t < Is  it  is  generally  easier  and 
more  reliable  to  determine  S^(f)  directly  with  a phase  detector  and 
wave  analyzer.  »c(f)  which  is  often  used,  is  a practically  equivalent 
measure;  it  "looks  better"  for  a given  oscillator  by  3 db.  S^(f)  is 
the  recommended  measure. 
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APPENDIX 


The  Various  Uses  of  Spectrum  Analyzers 

The  output  signal  of  a standard  frequency  generator  can  be  written 
as  a time  varying  voltage; 


A(t)  • sin  [n  • t + 4>(t)] 


V(t) 


RF  Spectrum  A. 


SRp(f) 


AM  Detector 

1 

Wave  Analyzer 

1 

s„(f) 


Phase  Detector 

I 

i 

Wave  Analyzer 


t . 

/ (}>dt 
0 

i 

FM  Detector 

I 

Wave  Analyzer 

1 


Notes:  The  center  of  SRp(f)  will  be  at  f = F.  (2ttF  = n) 

The  wave  analyzer  scans  from  f = IHz  up  to  about  100  kHz  in 
most  practical  applications. 
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Table  2 (Continued) 


Table  3 


Long  Term  Performance  of  Ten  Cesium  Clocks  at  the  USNO 


Oscillator 

Days 

Linear  Frequency 
Drift  Removed 
(Per  Year  in  10“^^) 

Sample  Variance 
(After  Drift  Removed) 
(in  10-26) 

Cs 

346/ 1C 

1200 

+ 3.5 

4.0 

Cs 

532/lC 

1200 

- 

2.9 

Cs 

549/1 

1200 

- 

2.9 

Cs 

571/1C-2 

1185 

+ 1.5 

0.7 

Cs 

591/1 

1138 

+ 4.1 

3.1 

Cs 

654/1C-2 

972 

- 4.9 

0.8 

Cs 

660/1C-2 

952 

- 

6.4 

Cs 

783/1C-2 

845 

11 

14.2 

Cs 

834/1C-2 

727 

- 

1.5 

Cs 

837/1C-2 

726 

- 7.2 

4.4 

Notes: 

1.  The  data  refer  to  the  y(l^)  which  are  measured  in  reference  to 
A.KUSNO,  MEAN). 

2.  The  units  with  a "-2"  designation  are  high  performance  units 
(004). 

3.  The  large  variance  of  Cs  783/1C-2  is  caused  by  a large  non- 
linear frequency  drift  which  was  not  removed. 

4.  Dashes  indicate  that  no  significant  drift  was  found  in  a 
straight  line  fit. 

(Data  courtesy  of  D.  Percival,  USNO) 
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FIHS'I  RKSI  I.TS  FROM  A SATELLITE  DATA  LINK 
RA  DI( ) IN  r E R F E ROM  E '1'  E R 


S.  II.  Knowles,  V\’.  B.  Waltman 
E.  O.  Ilullnirt  Center  for  Space  Research 
Na%al  Research  Lahoratory,  Washinuton,  D.  C.  20375 

N.  \V.  Broten,  I).  II.  Fort 
National  Research  Council 
Ottawa,  Canaria 

K.  I.  Kellermann,  B.  Rayhrer 
National  Radio  Astronomy  Observatory 
Green  Bank,  West  Virginia 

-J.  L.  Yen 

University  of  Toronto 
Toronto,  Canada 

and 

Ci.  W.  Swenson 
University  of  Illinois 
Urbana,  Illinois 


Since  litOT  radio  astronomers  have  been  using  the  Very  Long  Baseline  Inter- 
ferometer (VLBI)  technique  to  link  together  radio  telescopes  separated  by 
continental  or  intercontinental  distances,  fo-  ming  a radio  telescope  with  ex- 
tremely high  resolving  power.  This  high  resolving  power  has  harl  important 
results  in  radio  astronomy,  and  is  of  interest  for  a wide  variety  of  possible 
applications  including  highly  precise  time  transfer,  earthquake  prediction, 
and  station  location.  I'revious  experiments  have  relied  on  recording  the 
signals  from  each  antenna  on  television-type  video  recorders.  This  technique 
has  se\eral  rlisadvanlages.  It  is  limited  in  bandwidth  and  thus  sensitivity, 
cannot  produce  real-time  results  and  is  Inherently  quite  unreliable.  In  Novem- 
ber 1970  our  group  eompleted  the  first  successful  demonstration  of  an  s: 
proved  methorl  of  operating  a long  baseline  radio  interferometer,  usin'  \ 
geosynchronous  satellite  as  the  connecting  data  link.  The  experiment  was 
carriefl  out  by  an  International  team  of  Canadian  and  American  scientists. 

Large  radio  astronomy  antennas  in  Lake  'I  raverse,  Ontario,  and  Green  Bank, 
West  Virginia  were  connected  via  satellite  link.  The  satellite  used  was  the 
Communications  Technology  Satellite,  a joint  Canadlan-U.  S.  effort.  As  shown 
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in  Fijjiire  1,  signals  from  a cosmic  radio  source  were  receiver!  at  an  antenna 
in  West  \'irsinia,  retransmitted  via  a wideband  data  link  to  the  satellite,  which 
sent  them  to  a receiver  at  the  Ontario  antenna  where  they  were  correlated 
with  the  other  received  signal.  'I'he  correlaterl  rariio  source  output  was  ob- 
served in  real  time  on  an  oscilloscope.  Figure  2 is  a tracing  of  such  an  output 
for  a strong  radio  source  with  one  minute's  integration.  'I'he  width  of  the  cor- 
relation function  is  about  12.')  nanoseconds,  corresponding  to  the  It)  .MHz  data 
banriwirlth.  The  time  difference  between  the  two  station  clocks  can  be  deter- 
mined to  a small  fraction  of  this  numljer. 

Figure  .2a  represents  the  output  as  a function  of  fringe  frequency  when  using 
hydrogen  masers  at  both  stations.  For  a brief  period  we  replaced  one  fre- 
quency standard  with  a rubidium  standard.  The  resulting  deterioration  in 
fringe  frequency  stability  was  easily  visible  (Figure  .2b). 

'I'his  technique,  which  allows  real-time  viewing  of  interferometer  results, 
makes  feasible  many  e.xtensions  of  V'LBI  techniques  and  is  of  particular  im- 
portance for  all  operational  and  applied  uses  of  VLBI,  including  precise  time 
transfer,  earthquake  prediction,  and  location  of  a moving  vehicle.  In  all  of 
these,  the  laborious  anfl  failure-prone  use  of  magnetic  tape  has  proved  a major 
practical  hanriicap.  The  real-time  link  also  makes  possible  the  simultaneous 
comparison  anri  analysis  of  data  from  several  stations  by  time  or  frequency 
multiple.xing. 

The  real-time  system  also  eliminates  the  artificial  restriction  placed  on  signal 
bandwidth  by  video  tape  techniques.  The  bandwidth  of  our  experimental  system, 
10  MHz,  is  five  times  that  of  the  currently-common  "Mark  II"  video-tape 
system.  Since  signal-to-noise  ratio  for  a wideband  radio  astronomy  signal 
increases  as  the  square  root  of  the  bandwifith,  this  results  in  a significant  im- 
provement. Bandwiflths  up  to  .')()  MHz  are  possible  using  existing  digital  tech- 
nology, and  flata  bandwidths  much  higher  yet  should  eventually  be  possible  using 
analog  correlation. 

A further  possil)ility  is  the  development  of  a true  phase-coherent  interferometer 
by  a two-way  transmission  of  the  local  oscillator  signal  via  the  satellite,  thus 
enabling  compensation  for  the  phase  change  over  the  satellite  path.  With  this 
technique,  an  angular  measurement  precision  of  10“'  arcseconds  should  be 
possible.  This  is  of  importance  to  radio  astrometry  and  to  measurements  of 
Universal  Time.  We  are  currently  developing  equipment  for  such  an  experi- 
ment. 

I/1W  cost  is  vital  to  the  successful  use  of  this  system  by  scientists.  The  pre- 
liminary experiment  reported  here  was  made  possible  by  the  granting  of  time 
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on  the  CTS  satellite  by  the  Canadian  Department  of  Communications.  It  is 
hoped  that  the  coming  Space  Shuttle  low-cost  satellite  era  will  permit  more 
permanent  arrangements  to  be  made. 
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Figure  1.  Satellite- Link  Interferometer  Block  Diagram 
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F'igure  2.  Correlation  Amplitude  vs.  Delay 
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Figure  .‘la.  Correlation  Amplitude  vs.  Fringe  Frequency 
Hydrogen  Masers 
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Figure  :ih.  Correlation  Amplitude  vs.  Fringe  Frequency 
Rubidium  Standard  and  Hydrogen  Maser 
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INTERPRETATION  AND  APPLICATION  OF  OSCILLATOR 
INSTABILITY  MEASURES  USING  STRUCTURE  FUNCTIONS 

W.  C.  Lindsey  and  C.  M.  Chie 
University  of  Southern  California 
Department  of  Electrical  Engineering 
Los  Angeles,  California  90007 

W.  E.  Leavitt 
Naval  Research  Laboratory 
Washington,  D.  C . 20375 


ABSTRACT 

This  paper  is  written  to  cast  further  light  on  issues 
associated  with  contemporary  frequency  and  phase  stability 
measures  of  an  oscillator.  This  is  accomplished  by  gener- 
alizing known  and  accepted  T-domain  measures  of  stability 
through  the  use  of  Kolgomorov  structure  functions , Two 
sets  of  stability  functions  (T-domain  stability  measures) 
are  presented  and  it  is  shown  how  they  are  related  to  the 
rms  fractional  frequency  deviation  and  the  two-sample 
Allan  variance.  It  is  further  shown  that  these  T-domain 
measures  of  oscillator  instability  are  uniquely  related  to 
the  f-domain  measure  Sy.(f)  by  means  of  the  Mellin  transform. 

Applications  of  these  stability  functions  to  specifying  and 
predicting  performance  of  coherent  communication  systems, 
one-way  and  two-way  Doppler  measuring,  and  ranging 
systems  is  used  in  order  to  emphasize  the  utility  of  the 
theory. 


I.  INTRODUCTION 

A problem  of  current  interest  to  statistical  communication  theorists, 
communication  and  radar  system  design  engineers  and  other  working 
groups,  see  Fig.  1, 


This  work  was  supported  by  LinCom  Corporation  under  NRL  Contract 
N000123-75-C0481 . It  was  also  supported  by  the  Office  of  Naval 
Research  under  ONR  No.  N-00014-75-C-051 9. 
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is  that  of  specifying  and  selecting  accurate  and  stable  frequency 
gei  rators  for  use  in  the  implementation  of  radar,  communication, 
navigation,  and  time  service  systems.  Certain 

users  of  frequency  generators  have  had  to  face,  for  the  most  part, 
the  deleterious  effects  which  oscillator  instability  produces  upon 
system  performance  by  "seat -of-t  he -pant  s ” engineering.  At  the  same 
time  the  users  of  frequency  generators  frequently  ask  the  question; 

W hat  are  the  stability  requirements  of  the  frequency  generatoris) 
needed  in  a particular  application? 

In  fact,  it  appears  at  present  that  those  involved  with  the  process  of 
manufacturing  atomic  time  standards,  and  electronic  time 
bases  have  been  largely  concerned  with  the  characterization  of  oscilla- 
tor instability  from  the  viewpoint  of  developing  accurate  and  stable 
clocks  1 1 , [2  , [3"’.  This  working  group  has  measured  the  stability 
of  oscillators  and  compared  the  measurements  with  frequency  stability 
measures  ^1"’,  ^2*J  and  suggested  mathematical  models  ^4’’  of 

the  oscillator.  On  the  other  hand,  statistical  communication  and 
radar  theorists  , [61,  for  the  most  part,  have  been  developing 
mathematical  models  for  communication,  radar  and  tracking  systems 
by  assuming  the  availability  of  ideal  (perfect  sine  wave)  frequency 
generators.  The  net  result  of  these  disjoint  ventures,  see  Fig.  1. 
is  that  not  enough  emphasis  has  been  placed  upon  determining  how 
oscillator  instability  degrades  system  performance  measures  or  how 
the  frequency  stability  measures  proposed  in  [l can  be  used  to 
assess  performance.  Presently,  there  is  a real  need  for  this  in  the 
design  of  current  systems  and  planning  of  advanced  systems. 

This  state  of  affairs,  see  Fig.  1,  is  not  uncommon  to  find  in  many 
scientific  fields  where  theory,  manufacturing  and  practice  are  deve- 
loped and  used  by  widely  dispersed  workers.  At  the  present  the  authors 
feel  that  tlx’re  is  a lackof  understanding  among  the  users  pertaining  to  the 
differences  between  oscillator  phase  instability  and  frequency  instaiiil- 
ity.  I here  is  also  a lack  of  understanding  of  how  to  use  accepted 
frequency  instability  measures.  To  some  engineers,  phase  and 
frequency  instability  imply  the  same  concept;  consequently,  one  of 
the  main  purposes  of  this  paper  is  to  offer  a unified  mat  h.ematically 
characterization  of  phase  instability  (time-base  jitter)  and  frequency 
instability  (frequency-base  jitter)  of  an  oscillator  and  demonstrate  the 
degree  of  samtmess  of  the  two  concepts,  tlieir  interconnections  with 
frequency  stability  measures  [l  “j  , [2^  , and  present  mathematical 


formulations  such  that  certain  users  can  select  the  appropriate 
instability  measure  for  their  application.  It  is  hoped  that  this  paper 
will  also  spur  and  motivate  a closer  relationship  between  the  working 
groups  illustrated  in  Fig.  1 by  providing  a systematic  forum  for  dis- 
cussion. 

1.  1 Organization  of  the  Paper 

Structure  functions--  (SFs)  [?]  are  introduced  so  that  characteriza- 
tion of  oscillator  instability  is  established  on  a sound  mathematical 
basis  regardless  of  the  user  application.  SFs  provide  a common 
mechanism  by  which  all  working  groups  can  communicate  about  the 
instability  of  frequency  generators . Furthermore,  they  represent 
stability  functions  by  which  system  performance  can  be  predicted  or  a 
frequency  generator  selected.  SFs  are  also  introduced  so  that  users 
of  frequency  generators  can  see  how  current  frequency  standards 
enter  into  the  performance  expressions  of  modern  communication, 
Doppler  and  range  measuring  systems.  There  are  several  other 
reasons  why  SFs  are  introduced  [s]  , [9"^  . The  unifying  role  they  play 
with  respect  to  frequency  stability  standards  is  summarized  and  their 
use  in  various  applications  as  a means  of  defining  system  performance 
is  given.  The  concepts  of  phase  instability  (time-base  jitter)  and 
frequency  instability  (frequency-base  jitter)  are  introduced  via  phase 
and  frequency  SFs.  In  addition,  -r-domain  to  f-domain  and  f-domain 
to  "-domain  transformations  are  summarized  in  terms  of  Mellin 
transforms  and  SFs.  Secondly,  with  the  aid  of  these  SFs,  alternate 
interpretations  of  accepted  frequency  instability  measures  Til  , r2') 
and  their  interconnections  are  given  in  hopes  that  the  users  wi  1 be 
able  to  obtain  a better  understanding  of  how  "oscillator  vendor  data" 
can  or  cannot  be  used  in  their  particular  application.  For  the  sake  of 
brevity,  emphasis  on  the  applications  have  been  in  the  commimication 
and  tracking  system  area. 


I’lecause  of  their  applications,  they  are  called  stability  functions  in 
t he  abstract , 
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Next,  we  show  the  important  role  which  the  power  spectral  density 
(PSD)  of  the  oscillator  frequency  process  plays  with  respect  to 
several  user  applications  and  emphasize  (via  theory)  that  it  is  the  key 
element  which  is  needed  to  access  the  deleterious  effects  which 
oscillator  instability  has  on  the  performance  of  modern  communi- 
cations and  tracking  systems.  In  other  words,  we  show  that  the  PSD 
of  the  short  term  frequency  instability  is  needed  in  order  to  define 
appropriate  "-domain  system  performance  measures.  For  the 
engineer  involved  in  the  design  of  communication  and  tracking  systems, 
it  appears  that  the  most  important  t -domain  performance  measure  is 
not  always  the  rms  fractional  frequency  deviation  or  the  Allan  vari- 
ance but  is  application  and  performance  measure  (bit  error  probability, 
range  or  range-rate  accuracy,  etc.)  dependent.  Various  system 
performance  measures  for  users  are  presented  in  order  to  support 
this  statement. 


On  the  more  controversial  side,  the  authors  provide  discussions  which 
lead  to  certain  questions  regarding  the  interpretation  of  the  so-called 
rms  fractional  frequency  deviation  as  a measure  of  frequency  in- 
stability; rather  the  authors  feel  that  it  is  a measure  of  phase  instabil  - 
ity  (time-base  jitter)  of  an  oscillator  and  give  an  interpretation  to 
support  this.  On  the  other  hand,  the  two-sample  Allan  variance  has  a 
direct  interpretation  in  terms  of  frequency  instability  (frequency-base 
jitter)  and,  as  such,  provides  a measure  of  the  frequency  instability 
of  an  oscillator.  Use  of  these  two  measures  then  motivate  a mathe- 
matical manipulation  that  shows  that  frequency  and  time  are  not 
reciprocally  related  for  real  world  oscillators.  User  applications 
of  the  two  measures  are  given  in  the  system  context  in  order  to  offer 
support  for  the  proposed  interpretation  and  their  use  [lo]  , [ill. 

This  is  accomplished  by  presenting  performance  measures  for  rang- 
ing, Doppler  and  coherent  communication  systems  in  terms  of 
structure  functions  of  oscillator  instability.  Finally,  we  characterize 
oscillator  instability  in  terms  of  SFs  of  the  RF  oscillation  and  show 
the  problems  which  arise  when  one  attempts  to  use  the  RF  domain 
for  direct  measurement  of  oscillator  instability. 
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II.  STRUCTURE  FUNCTIONS  (SF)  IN  OSCILLATOR  INSTABILITY 
THEORY 

2.  1 SF's  of  the  n'^^  Increment  of  the  Phase  and  Frequency  Noise 
Process 


Let  us  consider  the  radian  frequency  process  $(t)  of  an  oscillator 
which  we  assume  takes  the  form 


?{t  ) 


Mean 

Frequency 


N-1 
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(t) 


Long  Term 
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Drift 


Short  Term 

Frequency 

Instability 


(2.  I) 


where  IUq  = 2rrfQ  is  assumed  to  be  the  constant  mean  frequency,  the 
qj^'s  constitute  a set  of  random  k^^t-order  frequency  drift  rate  and 
!(t)  is  a stationary,  zero  mean  random  process  used  to  characterize 
the  short  term  oscillator  instability.  Integrating  (2.  1)  from  0 to  t, 
we  have  the  oscillator  phase  noise  process 


l(t)  = lU, 
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o-S 


t*^  + ['Mti-'HO)  I + ?{0) 
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Phase  Drift 


Short  Term 
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th 

Consider  now  the  N increment  of  ’!'(t)  defined  recursively  by 


N N A N-1  N-1  N-1  N-1, 

A •Mt;T  ) = A 'Ht+T  ;t  ) - A 4(t:T  i 

— n — — 


(2.  3) 


where  • • • . Tj^)  is  a k-dimensional  vector  parameter  and 

Ai'  (1 U j ) - « (f +'  j 1 which  is  slat  ionary.  F or  i he  purpose  of  our  dis- 

cussion, we  define  the  N*^^  SF  of  phase  instability  to  be  [lOl 


(2.4) 


where  Ef*  } is  the  expectation  operator  in  probability  theory.  When 

=T,  k=l , . ..,N,  we  shall  den ot  e D^ L ) by  ).  If  b'  (lu)  is  the  two- 

K '4/  U 


(2.  5) 


sided  PSD  of  the  process  then  [lO^ 


where 


,(N),  N 


k = l 


/V  * n ^ S»  fa') 

D,”  (^'^)  = f ( I sin  (uu"-  /2)  — ^ du) 


(2.6) 


for  n S 1.  For  M > N,  (2.  5)  reduces  to 

d(M)  M,  ^ ^(M)  M 

$ — X!  — 

S t 

Analogously,  the  (N-1)  SF  of  frequency  instability  satisfies 
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where 
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n;  (2.'^)  = 7“—  r I I sin  (iDT  /2)S*  (ti))di« 
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for  n 2 1.  For  M s N,  then 


f — ’ii  — 


(2.10) 


Equations  (2.5)-(2.l0)  are  important  in  several  respects.  First  of  all, 
if  we  take  high  enough  increments,  the  corresponding  SF  is  independ- 
ent of  the  drift  effect.  This  is  evident  from  (2.7)  and  (2,  10).  Second- 
ly, we  note  that  the  usual  convergence  problem  associated  with 
"flicker''-type  PSD  can  be  avoided  in  the  T-domain.  For  example, 
suppose  S^  (tt')  behaves  like  1 U)l"'^with  v ^ 1 as  ou  -»  0.  For  a fixed 
vector  2.",'  the  quantity  -P|-  sin^(utT  /2)  is  proportional  to  for  |u>l 

k=l 

small.  So,  as  long  as  v <(2n-l)  the  expression  for  D,  (t  ) is  finite. 
Similarly,  D?(jr'^)  is  finite  if  v<(2n  + l).  Hence,  besides  combatting 
the  problems’ associated  with  the  long  term  frequency  drift,  the  SF 
approach  is  useful  in  treating  "flicker" -type  noise.  An  interesting 
example  demonstrating  these  points  is  given  in  [9l  . 7'hirdly,  notice 
that  all  SFs  are  characterized  in  the  t -domain  via  the  PSD  S»  (uu). 
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Equations  (2,6)  and  (2,9)  can  be  inverted  for  S*('')  us ing  Mellin  trans- 

forms  [lo].  In  particular,  the  PSD  S:  (UJ)  can  lie  evaluated  via 

V 

s;;(uj)  = 7n^  (2.11) 

where  the  Mellin  transform  of  the  function  f(.  ),  7I\^  is  given  via 


f 


k=l  ^ 


(2.  12) 


-If..,, 

/K  L*  j is  the  one-dimensional  inverse  Mellin  transform  (with  inverse 
transform  variable  ID),  (Sj^)  is  the  one-dimensional  Mellin  trans- 
form of  the  functions  k 


(^) 


k = 1 , , . , , n 


and  ) is  the  n-dimensional  Mellin  transform  of  the  function 


Alternatively, 


where  now 


g(i")  = ~ 

.n  V - 


S:(OJ)  = UJ%‘^[W(s)] 


/ n,  TT  ^(n),  n, 

gf'T  ) = — D,  (t  ) 


(2, 13) 


Unfortunately,  taking  the  inverse  Mellin  transform  in  (2,  11)  and  (2,  13) 
is  difficult  in  general  and  numerical  techniques  may  be  needed. 

For  small  n and  tj  =,  , , = a different  method  for  inverting  (2,  5) 
and  (2,8)  was  presented  in  ,9"1.  Figure  2 summarizes  T-domain 
to  f-domain  and  f-domain  to  'f-domain  transformations  which  are 
possible  by  either  of  the  two  approaches. 


SFs  of  the  frequency  process  $ and  phase  process  1 of  an  oscillator 
are  fundamental  to  definitions  or  frequency  standards  involving 
oscillator  instability.  In  the  following,  we  give  new  interpretations  to 
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the  recommended  definitions  [l],  [2]  of  instability  in  terms  of  the 
theory  based  upon  structure  functions.  In  particular,  we  discuss  the 
conditions  to  be  imposed  on  the  phase  or  frequency  process  in  order 
to  attach  meaning  to  the  rms  fractional  frequency  deviation  and  the 
two-sample  and  L-sample  Allan  variance. 

2.2  RMS  Fractional  Frequency  Deviation 

For  the  rms  fractional  frequency  deviation  to  make  sense  the  radian 
frequency  process  $(1)  has  to  be  modeled  as  a constant  0)^  plus  a 
stationary  frequency  component  \li{t)  whose  PSD  is  well  behaved  near 


X — 0,  i.e.,  S«(x) 


, v<l.  Then, 
i E{['i(t+T)  - ® 


is  the  expected  value  of  the  square  of  the  phase  accumulated  in  t 
seconds.  The  true  rms  fractional  frequency  deviation  defined  by 
Cutler-Searle  can  be  expressed  in  terms  of  the  first  phase  structure 
function  as  [9]  ' 

IB  ■ . 

0 V (IIJ^T) 

Furthermore,  the  statistical  average  of  the  measured  rms  fractional 
frequency  deviation,  say  Af(T)  /f^,  as  found  using  frequency  counted 
data,  is  easily  shown  to  be  an  asympotically  unbiased  estimator  of 
Af('^)/f«.  The  measurement  bias  is  expressed  in  terms  of  the  first 
phase  SF  via 


rAf(LT)]' 
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(2.  16) 


2.3  The  Allan  Variance 


For  the  two-sample  Allan  variance  to  yield  a precise  meaning,  the 
frequency  process  ilt)  must  be  modeled  as  a linear  frequency  drift 
term  and  if  "flicker"-type  noise  is  present  (UJ)  must  behave  like 
|xj“'^for  V < 3 near  X=  0.  'I'hen 

=^dn  the  original  definitions  for  rms  fractional  frequency  deviation  and 
Allan  variances  fhe  time  average,  instead  of  the  present 

ensemble  average,  was  employed.  However,  in  order  to  fully  exploit 
various  results  on  stochastic  processes  in  (he  literature,  the  ensemble 
average  is  used  in  what  follows.  Notice  that  both  averages  arc  equi- 
valent if  ergodicity  holds. 
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is  the  expected  squared  fractional  deviation  of  the  average  frequency. 
The  two-sample  Allan  variance  E{p^(2,  t,  t)]  with  zero  dead  time 
between  measurements  can  be  written  as  fql 


D 


(2.18) 


1 ^ 
Except  for  a factor  of  i and  the  normalization  constant  ('JJqT)  , the 

two-sample  Allan  variance  is  exactly  the  second  phase  structure 

function.  We  also  note  for  small  t that  the  average  in  (2.  17)  is 

related  to  the  instability  of  the  frequency  process,  i.  e.  , derivative 

of  the  phase  process. 


If  the  frequency  process  f(t)  does  not  have  any  drift  and  S*  (uu)  behaves 
like  1 x I"'-*  for  V 3,  then  the  L-sample  Allan  variance  [2]/ [3,  eq.  4"^ 
is 


Efrr  ^(L,  T,  t)1  = 


L 

L-1 


(O^qT 
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The  L-sample  Allan  variance  is  not  related  to  the  two-sample  Allan 
variance  in  a sim.ple  way,  but  rather  it  is  an  asymptotically  unbiased 
estimator  of  the  rms  fractional  frequency  deviation  squared  provided 
the  latter  is  well  defined.  The  estimator  bias  is  expressed  in  terms 
of  the  first  phase  SF  via 
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2,4  Relationship  Between  RMS  Fractional  Frequency  Deviation  and 
Allan  Variance 


If  the  assumptions  regarding  the  frequency  process  $(t)  in  Section  2.2 
hold,  then  the  two-sample  Allan  variance  and  the  rms  fractional 
frequency  deviation  form  a one-to-one  correspondence  via 
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The  equation  can  be  inverted  to  yield 
r.  .“i2 
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In  addition,  the  L-sample  Allan  variance  is  related  to  the  rms  frac- 
tional frequency  deviation  via 
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Provided  D,  (•^)  < ^ for  all  ",  then  for  large  L we  see  that  the  L- 
sample  Allan  variance  converges  to  the  mean  squared  value  of  the 
fractional  frequency  deviation.  F he  authors  believe  that  these  facts 
have  not  been  recognized  in  previous  stiidios. 

In  addition,  those  relationships  allow  u»  to  identify  the  bias  [l  2,  eq.  15"' 
function  y(L)  as 
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and  if  D (t  ) < « for  all  "then  for  large  L , 
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III.  INI  ERPRET  ATION  OF  OSCILLA  TOR  INST  ABILITY  MEASURES 
3.1  Phase  ('Time)  and  Frequency  Instability 


In  characterizing  the  performance  of  an  oscillator,  it  is  of  funda- 
mental interest  to  distinguish  between  the  notion  of  "instability"  and 
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'f^recision"  of  its  frequency  as  well  as  its  phase.  While  it  is  relatively 
easy  (and  unambiguous)  for  one  to  agree  upon  a definition  of  the 
"precisiorf  of  a random  quantity  in  terms  of,  perhaps,  the  deviation 
from  its  mean  value  (the  relative  error),  there  is  no  general  agreement 
of  what  "instability"  means.  In  what  follows,  we  shall  take  "instability" 
t o mean  instability  wit  h respect  t o the  passage  of  time,  i.  e.  , how  a 
stochastic  quantify  behaves  (in  a probability  sense)  relative  to  its  past 
-■  seconds  earlier.  For  example,  an  oscillator  which  emits  a frequency 
that  does  not  change  with  respect  to  time  is  a "stable"  oscillator;  the 
frequency  it  gives  at  any  particular  instant  is  "precise  ".  Using  these 
notions,  we  shall  attempt  to  interpret  the  meanings  of  phase  instabil- 
ity. Conventional  measures,  in  particular,  the  rms  fractional  fre- 
quency deviation  and  Allan  variance,  will  serve  as  the  basis  for  our 
int  erpret  at  ions . 

I o formalize  the  following  discussion,  we  shall  assume  the  instantan- 
eous phase  and  frequency  of  the  oscillator  satisfy 

l(t)  = Ui|^t  + i'(t)  + [|(0)-'i(0)''  (3.1) 

i(t)  = Xq+'M*)  (3.^) 

where  i (t)  is  stationary  v/ith  finite  variance  and  Ef'!  (t)l  = E['!'(t)^  = 0. 
Under  these  assumptions,  the  instability  measures  to  be  discussed  are 
all  well-defined  quantifies. 


The  instantaneous  phase  (time)  instability  of  the  phase  noise  process 
v(t ) is  measured  by  the  increment  Ai(t:'^)  = i'(t+'^)  - (t ) while  the  rms 
phase  instability  is  measured  by  '(t)'.  Thus  the  rms  fractional 

frequency  deviation  is  related  to  the  phase  instability  via  (2.  15).  On 

the  other  hand,  the  instantaneous  frequency  instability  of  the  frequency 

• • • • 

noise  process  i' (I ) is  measured  by  the  increment  AiU*  + )"•  (• ) 

while  the  rms  frequency  instability  is  measured  by  ('^).  I he 

two-sample  Allan  variance  approximates  d[  \t)/2'X  with  an  error 
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For  a PSD  S»  (X)  with  power  concentrated  in  the  frequency  region 
X "•  « 1 then 
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(3.4) 
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Thus  the  two-sample  Allan  variance  is  a measure  of  frequency  instabil- 
ity of  the  oscillator.  Table  I serves  to  summarize  the  results. 


From  (2.  14),  (2.  15)  and  (3.  1),  it  is  obvious  that  the  rms  fractional 
frequency  deviation  ^if(r)/{^  is  an  instability  measure  of  the  phase 
process  f or  the  accuracy  (relative  error)  of  the  phase  increment 
A$  = Now  the  frequency  accuracy  is  related  to  E 1 / 'J^q  . If 

(2.  15)  is  used  as  a measure  of  frequency  precision,  the  error  intro- 
duced in  interpreting  (2.  15)  as  a measure  of  frequency  precision  is 
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where  sinc(x)  = sin  x/x.  The  severity  of  the  error  in  this  interpreta- 
tion depends  on  the  shape  of  S;,(x)  weighted  by  the  weighting  function 
1 - sinc^  ( XT  /2 ). 


3.2  Normalized  Time  Instability  Times  the  Frequency  Instability  as  a 
Measure  of  Oscillator  Instability 


Depending  on  specific  applications,  oscillators  are  used  as  references 
for  making  time  (phase)  measurements  as  well  as  in  frequency 
measurements.  Since  frequency  instability  is  fundamentally  different 
from  phase  instability,  it  seems  only  fair  to  specify  the  performance 
of  an  oscillator  in  terms  of  both  its  frequency  and  phase  instability 
in  the  measurement  (t)  domain.  For  this  purpose,  we  can  define 
frequency  instability  6f(T)  to  be  the  rms  change  in  frequency  over  the 
observation  time  t,  through 


6f(T)  = 


(t) 


2n 


(3.6) 


On  the  other  hand, 
change  in  the  "time 


the  time-instability  6T(t)  can  be  defined  as  the  rms 
" (see  (3.  1 1 ))  from  its  mean  t,  via 
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The  locus  of  the  point  (6f('^),  6T(t)),  as  a function  of  the  observation 
time  could  serve  as  the  overall  stability  performance  guide  of  an 
oscillator  and  is  depicted  in  Fig.  3. 

The  product:  frequency  instability  times  time  instability 

6f(T)6T(-)^—  / ^ ^ (3.8) 

^0  . (2tt)  (2rr) 

of  an  oscillator  serves  as  a parameter  by  which  various  oscillators 
can  be  compared  for  a given  frequency  of  oscillation  and  a given 
observation  time  t.  In  Fig.  3,  this  parameter  at  T = is  equal 
to  the  area  of  the  shaded  area.  For  an  ideal  oscillator  then 


6f(-r).6T(T)  ^ 0 


(i  9) 


for  all  T . 1 hus  any  oscillator,  which  is  to  be  used  as  a standard  in  in- 

stability measurements,  should  appear  to  the  oscillator  under  test  to 
satisfy  (3,9)  for  all  t of  interest.  Moreover,  if  we  use  (3.4)  to 
approximate  D^^-)  by  the  Allan  variance  then  we  can  write 
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This  equation  supports  our  earlier  claim  that  the  Allan  variance  is  a 
measure  of  oscillator  frequency  instability  while  the  rms  frequency 
deviation  is  a measure  of  oscillator  phase  (time)  instability.  The 
authors  believe  that  the  above  construction  has  provided  insight  into 
the  meaning  of  the  Allan  variance  and  the  rms  fraction  frequency 
deviation. 


To  gain  further  insight  into  these  performance  measures,  let  us 
assume  that  th«'  random  process  f(r)  - A’H'’’)/2tt  and  T(t)  A 
are  jointly  Gaussian.  If  the  process  ’i(t)  is  stationary,  it  can  be 
shown  that  A i(t)  and  A<1'(t)  are  uncorrelated.  Hence  f(r)  and  T(t)  are 
uncorrelated  Gaussian  processes  with  zero  mean  and  standard 
deviations  6f(T)  and  6 T'(t).  If  we  plot  the  contour  of  constant  prob- 
ability density  as  a function  of  t as  in  Fig.  4,  we  observe  the  effect 
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of  the  degradation  of  oscillator  stability  as  t increases, 

3,  3 Is  the  Nominal  Frequency  of  a Real  World  Oscillator  Reciprocally 
Related  to  the  Nominal  Period? 


If  the  oscillator  phase  process  ?(t)  in  (3.  1)  is  used  for  a clock  (period 
Tq  - 2tt/uUq),  the  time  T^(t)  registered  by  the  clock  is  given  by 

T^(t)  = t${t)-$(0)]/uUQ  (3.11) 


During  the  interval  (t,t+TQ),  the  clock  time  accumulated  is 

AT  (T, 


0' 


= ^0  + 


AiHTq) 


(3.  12) 


0 


The  time  average  frequency  during  this  time  interval  is 


t+T  . A'i(T-) 

^ ° ?(^)d^  = f + 


0 t 


0 2ttT 


0 


Hence  the  product  AT^(T^)  x ^(Tq)  is 


A’MT  ) (A’HT  ))^ 
AT^(T^)xf(T^)  = ^ 

(2tt) 


which  is  random  with  mean 


E[AT^(TQ)xf(TQ)l  = 


(3.  13) 


(3.  14) 


(3.  15) 


= 1 +Dj‘>(T„l/(2n)' 

From  (3,  15),  it  is  clear  that  the  rms  fractional  frequency  deviation 
(or  first  phase  SF)  characterizes  the  uncertainty  in  the  product 
ATc(Tq)  X T(Tq).  Since  (Af(TQ)/fQ)  is  not  zero  for  real  world 
oscillators,  the  period  and  (time  average)  frequency  are  not  inversely 
related  for  any  physical  clock.  Instead  the  mean  of  the  product  differs 
from  unity  by  the  square  of  the  rms  fractional  frequency  deviation. 


rv.  EFFECTS  OF  OSCILLATOR  INSTABILITY  IN  APPLICATIONS  IN 
TERMS  OF  SF'S 


The  characterization  and  specification  of  oscillat or  instability  must 
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ultimately  be  made  in  the  light  of  its  effects  on  the  performance  of 
systems  that  rely  on  the  oscillation.  The  utility  of  SF's  will  now  be 
demonstrated  in  terms  of  a number  of  user  applications.  It 
shall  become  «>vidc‘nf  that,  in  every  application,  the  PSD  S’JJ.)  of  the 
stationary  frequency  noise  is  the  key  to  predicting  performance 

due  to  oscillator  instability.  Only  a summary  account  is  given  herein; 
detailed  analytical  developments  are  anticipated  in  future  articles. 

4.1  Effect  of  Oscillator  Instability  on  Phase-Locked  Loop  (PLL) 

T racking 

One  interesting  application  of  SF's  is  found  in  studying  the  tracking 
behavior  of  a Pl-L.  In  addition  to  a first-order  statistical  character- 
ization, i.  e.  , the  phase-error  variance,  the  first  SF  of  the  phase 
error  is  also  an  important  performance  measure  of  a tracking  loop. 

It  is  important  in  assessing  the  effect  of  oscillator  instabilities  on 
tracking  performance  and  it  is  related  to  the  average  hold-in  timeofthe 
PLL. 

As  an  example,  it  was  shown  in  [lO"l  (assuming  the  loop  bandwidth  is 
small  compared  to  i.e.,  W <■- 1 ) t h^t  t he  fi rst  phase -error  SF  of 
a first-order  loop  due  to  oscillator  instability  is  given  by 


V)  + '(t) 

•1  -2 


(4.1) 


where  % is  the  loop  phase  error,  represents  the  phase  noise  on  the 
transmitted  oscillation  and  represents  the  phase  noise  process 
produced  by  the  frequency  generation  in  the  receiver.  Notice  that  in 
this  case , t he  phas e instability  measure  (3.  7)  of  the  oscillators  are 
the  quantities  of  interest  in  predicting  the  aiiility  of  the  loop  to  track 
the  input  process  in  the  presence  of  oscillator  phase  noise. 


4,2  Effect  of  Oscillator  Instability  on  One-Way  and  Two-Way 
Doppler  Measurements 


In  a practical  Doppler  nu’asuremeni  system,  the  Dopph-r  ’-.Lirm.P  e- 
is  usually  extracted  from  the  local  phase  estimate  mt  retm  in 
generated  by  the  receiver  Pl.L.  For  otu  -w.iv  Dopph- r :i  ■ ■ 

the  error  contribution  due  to  oscillator  inst  ai),  In  o - i'  ■ ■ 
contained  in  the  liquation 
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where  0^  denote  the  error  in  the  local  phase  estimate,  i|,'j  represents 
the  transmitter  oscillator  instabilities,  represents  the  receiver 
VCO  instability  and  \I,'2  represents  the  receiver  reference  instability. 
The  quantities  d|  ^(t)  and  denote  the  first  SF  of  the  loop 

Vi  ^2 

filtered  t|(  j and  i ^ process  which  are  directly  related  to  the  PSD 
Sjt,  (UJ).  Thus  the  key  role  wmch  Sj(uj)  plays  is  again  manifested. 

For  two-way  Doppler  measurements  Ib],  the  situation  is  more  com- 
plicated. The  first  SF  of  the  error  in  the  local  phase  estimate  due  to 
oscillator  instabilities  is  given  by 


e 


(4.3) 


where  represents  the  transmitter  oscillator  instability,  iJ/j  repre- 
sents the  vehicle  receiver  VCO  instability  and  tli 2 represents  the 
ground  receiver,  VCO  instability,  and  represents  the  ground 
receiver  reference  instability  [S']. 

In  the  case  that:  (1)  the  transmitter  and  receiver  reference  signals 
are  derived  from  the  same  timing  source  and  (2)  the  static  phase  gain 
and  the  receiver  filtering  can  be  neglected,  then  the  error  contri- 
bution due  to  the  reference  oscillator  instability  t)i  =>lf  =i[i  alone  is 
d{^^(t,T)  which  is  explicitly  (see  (2,6)) 


D 


(2) 


16 


. 2 ujt  2 ujT 

(t,T)  =-^j  sin  (— )sin  (“ ) 

0 uu 


duo 


(4.4) 


where  T is  the  round-trip  delay  time  of  the  signal.  Hence  we  see  that 
the  second  SF  of  the  phase  noise  is  the  important  quantity  to  specify 
the  performance  of  the  reference  oscillation.  It  can  be  shown  that 
d]  '(t,T)  is  related  to  the  two-sample  Allan  variance  with  non-zero 
dead  time  T-t  between  measurements  E{a^(2,  T,  t)1 


Via 


E{rr^(2,T.T)}  = 


2(U)qT) 


(2) 

d;  ’(t,t) 


(4.5) 


Under  the  same  assumptions,  if  the  Doppler  frequency  shift  is 
derived  from  the  loop  frequency  estimate,  the  error  contribution 
from  the  oscillator  instability  ilris  d||^  )(t).  In  this  case,  the  first  SF  of 
the  frequency  noise  process  of  the  reference  is  the  instability  meas- 
ure of  interest. 
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4.3  Effect  of  Oscillator  Instability  on  Range  Measurements 


In  one-way  ranging,  the  vehicle  transmits  a ranging  signal  to  the 
tracking  station.  Range  from  the  tracking  station  to  the  vehicle  can 
then  be  determined  from  a measurement  of  the  local  phase  estimate  of 
the  receiver  PEL  relative  to  the  phase  of  a reference.  The  tincertainty 
introduced  in  the  range  estimate  due  to  oscillator  instabilities  alone  is 
related  to  the  variance  in  the  phase  estimate  error 


2 ~2  ~2  2 
a = o,  +0,  + o, 

cp  'I; , ill  - ill . 


(4.6) 


where 


2SI 

-.06 

2^J 


2 


duj 


U) 


S;  (ID) 
2 ’^'2 


do) 


2 , 2- 

'’*3  = ^‘*3^ 

and  il;  j represents  the  transmitted  reference  instability,  il;^  represents 
the  receiver  VCO  instability,  ili^  represents  the  receiver  reference 
instability  and  is  the  receiver  PLL  closed-loop  transfer  function. 

In  two-way  measurements,  a ranging  signal  is  transmitted  to  the 
vehicle  to  be  tracked  and  is  returned  by  it  to  the  tracking  station. 

Range  is  then  determined  from  a measurement  of  the  phase  of  the 
returned  tone  relative  to  a reference  (possibly  the  same  one  as  the 
original  transmuted  tone).  The  uncertainty  introduced  in  the  error  in 
the  phase  estim.ate  due  to  oscillator  instabilities  alone  is  related  to  the 
variance  of  the  phase  estimate  error 


.n.2  ^2 

+ a,  + a, 
'^2 


+ o. 


(4.7) 


where  the  a's  are  defined  by  expressions  similar  to  (4.  6).  Here  1];^ 
represents  the  instability  of  the  transmitted  signal,  i[i  ^ represents 
the  vehicle  transponder  VCO  instability,  ili^  represents  the  receiver 
VCO  instability,  ili  ^ represents  the  instability  in  the  reference  used 
for  phase  comparison. 
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If  the  effect  of  the  PLL's  are  neglected  and  the  transmitted  tone  and 
the  reference  tone  are  derived  from  the  same  oscillator,  then  the 
error  contribution  to  the  range  measurement  due  to  the  oscillator 
is  related  to  Dj  ^(T)  where  T is  the  round-trip  path 


phase  noise 


delay.  Notice  that  D^^^(T)  is’^proportionate  to  the  rms  fractional 
frequency  deviation. 


If  the  phase  error  of  the  PLL  in  the  tracking  station  is  used  to  measure 
range-rate  via  Acp(t)/t  or  9,  expressions  similar  to  (4,7)  and  (4.8)  can 
be  obtained  in  terms  of  the  appropriate  quantities, 

4.4  Effect  of  Oscillator  Instability  on  Coherent  Communication 
System  Performance 

In  digital  communication  systems,  the  bit  error  probability  [61  is  an 
important  performance  measure  and  is  related  to  the  statistics  of  a 
random  variable  which  depends  upon  [ill  phase  error  cp  and  its 
increment  Acp  -Acp(T).  Then  the  probability  of  error  will  depend  upon 
the  instability  and  the  accuracy  of  cp.  The  first  SF  d|^^(T)  given  by 
(4.  1)  becomes  the  important  parameter  in  determining  the  bit  error 
probability.  The  effect  of  the  oscillator  instabilities  then  enters  into 
the  bit  error  probability  evaluation  through,  for  example,  (4. 1 ) and 
therefore  can  be  used  to  select  frequency  generators  for  system 
implementation, 

4.  5 Application  of  SFs  in  Studying  Timing  Standards  [9I 

■ 

In  timing  standards,  it  is  important  to  specify  the  instability  \j!(t)  as 
well  as  the  drift  term  as  in  (2.1),  The  use  of  SF's  provides  a con- 
venient means  for  such  measurements.  The  scheme  is  first  to  work 
with  successively  higher  increments  until  the  drift  problem  and  the 
singularity  problem  associated  with  "flicker" -type  PSD  are  alleviated. 
The  "measured"  SF's  will  then  be  inverted  via  (2,  11)  or  (2,  13)  to 
get  an  estimate  for  S»(Ud).  After  obtaining  this  estimate,  one  can 
design  an  optimal  estimation  procedure  to  evaluate  the  drift.  An 
example  of  such  an  approach  was  discussed  in  [9]  . 


4.  6 Miscellaneous  Applications  of  Structure  Functions 

All  signalling  schemes  in  telecommunication  and  radio  engineering 
depend  on  a stable  frequency  reference.  In  a time-division  multiple 
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access  (TDMA)  system,  the  accumulated  phase  noise  between 
"marker"  intervals  of  duration  T-t  is  an  important  factor  in  evalviating 
synchronization  performance.  The  rms  phase  noise  accumulated 


between  marker  interval  is  characterized  by 


'(t,  T)  which  is 


related  to  the  two-sample  Allan  variance  with  dead  zone  (see  (4.  5)). 

In  communication  systems  employing  differential  phase-shift  keying 
(DPSK),  it  turns  out  that  the  second  SF  d(  Vt,  t)  of  the  transmitter 
oscillator  phase  noise  iji  is  an  important  parameter  in  specifying 
achievable  system  data  rates. 

Because  of  the  path  delays  involved  in  network  synchronization,  the 
SF  approach  is  also  important  in  studying  network  synchronization  and 
specifying  the  requirements  on  oscillator  stability. 

V.  SF'S  AND  THEIR  RELATIONSHIP  TO  THE  RF  OSCILLATION 


Frequently  the  PSD  of  the  RF  oscillation  is  used  as  a means  of 
obtaining  the  "PSD"  of  the  phase  noise  process.  Here  we  derive  an 
expression  for  the  moment  function  of  the  RF  oscillation  and  show 
how  the  SF  of  the  phase  process  enters  into  the  measurement  as  well 
as  the  problems  associated  with  this  approach.  In  order  to  proceed 
with  this  approach,  several  restrictive  assumptions  are  required  if 
this  approach  is  to  be  tractable. 

For  the  sake  of  simplicity  in  what  follows,  let  us  work  with  the 
complex  oscillation 


s(t,  f(t))  = 7^exp[j$(t)] 


(5.1) 


where  P represents  the  mean  square  power  of  the  oscillation  and 
$(t)  is  given  by  (2.  2).  For  k = 0,  . . . , N,  let  us  define  the  random 
variables 


^k  = 


W4 

W-l-i;-.) 


k = 0,2,.  .. 


(5.2) 


k = 1,3,... 


where  P'  denotes  the  cjmplex  conjugate  of  ?!  . Then  the  (N+1)^'^  moment 

function  of  the  random  variables  fz„, ....  z.,]  is  related  to  the  SF 

0 N 

of  the  phase  process  §(t)  via 
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e[z^.  ..ZqI  = (^/2P)^'^^E{exptjA^$(t;T^)]}  (5.3) 

Notice  that  if  the  increment  of  the  phase  process  $(t)  is  station- 
ary, then  the  qiiantity  E{exp[jA^$(t;^^)l]  is  independent  of  t and 
eq^l  to  the  characteristic  function  of  the  increment,  say, 
A^$(t=0;T^^),  evaluated  at  unity.  Furthermore,  if  A^?  (t;^^)  is 
Gaussian,  then 

e[z^.  ..Zq]  = (72F)^'*'^expt-D^^\T^^)/2]  (5.4) 

which  generalizes  earlier  work  when  N > 1.  As  an  example,  if  the 
complex  oscillation  satisfies 

s(t,$(t))  = 72^  exp{j  [uu^t +i];(t)  - ij;  (0)  + $(0)1}  (5.5) 

then 

e[s^s"1  = 2P  exp[-D|^^^T)/2l  exp(-ju^T)  (5.6) 

The  real  part  of  (5.6)  satisfies 

Re{E[s_^s'''l}  = 2P  cos  UJt  exp^-^D^^ \t)  J (5.7) 

It  can  be  shown  that  if  ij;(t)  is  stationary,  Gaussian,  then  the  time 
average  correlation  E [r(t+T)r(t)]  of  the  process 

r(t)  = Re{s(t)}  = yTp  cos(u)Qt +ilf  (t)  - i!i(0)  + $(0))  (5.8) 

where  Re[?}  denotes  the  real  part  of  ?,  is  given  by  [l3,  pp.  108-1 19l 

T 

E[r  r1  = lim  — [ E[r(t+T)r(t)ldt  (5.9) 

T->cd  ^ *'_T 

= -|Re{Ets  s'"]} 

T 

= P COS  expt-oj^ \t)/21 

Notice  that  in  this  case,  the  first  phase  SF  d|  \t),  which  is  related 
to  phase  instability,  is  the  quantity  of  interest  in  characterizing  the 
instability  of  an  RF  oscillation.  If  we  now  assume  that  il;(t)  is 
stationary  then  the  PSD  of  sin[u|jt+\|((t)l  is  given  by  [14} 


"■  ' r 
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(5.10) 


S^(u>)  = p[s^  (uj-iDq)  + (U)+uJq)] 


where 


S (UJ)  = exp(-o  ) 
0 


6(u,)+ +ft 

U) 


■ \ ID  U)  / 


1 /s.(u,)  S.(«)  Sj(.)\ 

3 ! I 2 2 ' 2 i + • • • 

\ U)  U)  lit  ' 


(5.11) 


and  the  symbol  denotes  convolution.  Obviously,  the  first  term 
corresponds  to  unmodulated  carrier  and  the  remaining  terms  are  due 
to  oscillator  instability.  Thus,  it  is  clear  that  the  "tails”  of  S^(»»i) 
do  not  correspond  to  S*  (li))! 
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Figure  1 


Characterization  of  the  State-of- Affairs  Among  Various 
Working  Grouns  and  Users  of  Frequency  Generators. 


6T(Tj)/  6T(T2> 


Figure  4 


Contour  of  Constant  Probability  Density  as  a Function 


IDENTIFICATION  OF  NOISE  PROCESSES  IN  OSCILLATORS 
AND  SAMPLE  DATA  OF  FREcjUENCY  STABILITY 
OF  FREQUENCY  STANDARDS 


Robert  F.  C.  Vessot 

Smithsonian  Ast  rophysical  Observatory 
Cambridge,  Massachusetts 


ABSTRACT 

A brief  and  simple  outline  of  how  various  noise  processes  affect  time- 
domain  stability  and  how  these  processes  can  be  identified  will  be  presented. 
Examples  will  be  given  of  data  from  various  crystal  and  atomic  frequency 
standards. 


Reference:  Methofls  of  Exjjerimental  Physics,  Vol.  12,  Astrophysics  Part  C, 
Radio  Observations,  1976,  Academic  Press,  New  York.  Chapter  5.4  "Frequency 
in  Time  Standards,"  by  Robert  F.  C.  Vessot. 
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A SIMPLE  TECHNIQUE  EOU  HIGH  HESOLUTION  TIME 
DOMAIN  PHASE  NOISE  MEASITTEMENT 


Victor  S.  Reinhardt  and  Theresa  Donahoe,  NASA/Goddard  Space 
Flight  Center,  Greenbelt,  Maryland  20771 


ABSTRACT 

A new  time  domain  phase  comparator  is  described.  The 
device  uses  a novel  technique  to  allow  time  domain  phase 
measurements  to  be  made  with  period  and  time  interval 
counters  without  the  use  of  offset  refeience  oscillators. 
The  device  uses  a single  reference  oscillator  and  allows 
measurements  with  a phase  resolution  greater  than  the 
noise  floor  of  the  reference.  Data  is  presentetl  showing 
a phase  resolution  of  0.02ps  at  5 MHz  with  a crystal  ref- 
erence. The  device  has  application  in  measuring  the  phase 
stability  of  systems  where  approximate  phase  quadrature 
can  be  maintained. 


INTRODUCTION 

Ideally,  a frequency  distribution  system  should  not  contribute  any  noise  to  the 
frequency  being  distributed.  Practically,  this  means  that  the  elements  of  a 
frequency  distribution  system  should  introduce  negligible  phase  noise  compared 
to  the  phase  noise  of  the  reference  oscillator.  To  ensure  this  in  the  most  pre- 
cise frequency  distribution  systems,  one  must  be  able  to  measure  phase  noise 
with  a resolution  greater  than  that  available  from  the  best  reference  oscillators. 
This  means  that  one  must  use  a phase  noise  measurement  technique  which 
cancels  out  the  phase  noise  of  the  reference  oscillator. 

A well  known  simple  system  which  accomplishes  this  is  shown  in  Figure  1. 

The  system  is  based  on  a low  noise  mixer  and  a !»0°  splitter  to  produce  a 
voltage  proportional  to  the  phase  difference  between  the  RF  voltages  at  the 
mixer  input  ports.  By  placing  one  or  more  test  devices  in  the  R.  F.  signal 
paths,  the  phase  stability  of  the  test  devices  can  be  measured  by  analyzing 
the  voltage  out  of  the  mixer.  Because  the  RF  source  is  common  to  both  legs 
of  the  system,  its  phase  noise  does  not  effect  the  output  voltage.  Figure  2 
shows  the  spectral  domain  phase  noise  resolution  of  such  a system  at  5 MHz 
using  a Shotky  diode  mixer.  A lock-in  amplifier  was  used  as  the  noise  analyzer. 
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It  is  in  trying  to  apply  this  simple  system  to  time  domain  noise  analysis  that 
a problem  occurs.  The  time  domain  measures  of  phase  stability  '-2,  x(t)  and 
v(t),  rt>quire  instantaneous  measurements  of  the  phase  of  a signal  at  periodic 
intei'vals.  This  is  usually  accomplished  by  superimposing  the  volta^ie  carrying 
phase  information  on  a low  fretiuency  beat,  measurin^j  y(t)  with  a period  counter, 
and  measurinji  x(t)  with  a time  interval  counter.  Ki^re  .3  outlines  these  tech- 
niques. In  order  to  produce  a beat  with  the  simple  system  shown  in  Figure  1, 
two  reference  oscillators  must  be  used.  This,  however,  reintroduces  the  phase 
noise  of  the  reference  oscillators  into  the  output.  To  cancel  the  reference 
oscillator  contributions  one  must  use  two  such  systems  in  a dual  mixer  phase 
comparator  , and  use  a time  interval  counter  to  measure  the  difference  in  the 
zero  crossings  of  the  two  beats. 


A .SIMPI.F  TIME  DOMAIN  PHASE  COMPAHATOH 

I'hough  the  dual  mixer  system  works  quite  well,  it  requires  double  the  circuitry 
as  the  simple  system,  and  requires  two  reference  oscillators  one  of  which  must 
be  offset  in  frequency.  One  can  make  high  resolution  time  domain  j)hase  stability 
measurements,  however,  with  only  a single  reference  if  one  realizes  that  the 
low-frequcncv  modulation  which  enables  counters  to  be  used  need  not  come  from 
a beat  between  two  oscillators.  As  shown  in  Figure  I,  the  purpose  of  the  beat 
is  just  to  accomplish  volbige  to  time  conversion  so  that  a period  or  time  interval 
{•ounter  can  measure  the  voltage  changes  which  correspond  to  phase  changes. 

The  beat  can,  thus,  be  any  stable  low  frequency  voltage  modulation  which  is 
added  to  the  niLxer  output.  Figure  5 shows  a block  diagram  of  such  a time  do- 
main comparator  based  on  the  simple  measurement  system. 

A convenient  way  to  obtain  a stable  enough  low  frequency  modulation  is  to  divide 
down  a reference  oscillator  output  and  smooth  the  resulting  square  wave  with  a 
low  pass  filter.  Figure  G shows  the  partial  schematic  of  a time  domain  phase 
comi)aratoi  using  this  method  of  obtaining  the  modulation.  The  amplifier  after 
the  mixer  defines  the  bandwidth  of  the  phase  noise  and  amplifies  the  mixer  out- 
put so  the  noise  of  the  modulating  voltage  does  not  reduce  the  phase  resolution 
ol  the  comparator. 

I h«  line  “tt  etcher  provides  a convenient  means  of  calibrating  the  system.  I'he 
iiunter  is  set  to  time  interval,  and  the  change  in  time  interval.  At,  is  recorded 
i-  .1  lunrtiun  of  the  change  in  line  stretcher  length,  AL.  The  system  calibration 
Jien  given  by: 


r- 
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X = (c  K)"*  At  (Time  interval) 
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and  where  T is  the  period  of  the  modulation.  Typically  in  the  system  built,  at 
5 MHz,  (c  K)' ' has  been  about  10"  so  a counter  resolution  of  10 "^s  will  yield 
a phase  resolution  (x)  of  10* '“’s. 

The  simple  series  L and  C phase  shifters  shown  in  Figure  6 were  found  to  be 
quite  stable.  The  capacitor  was  NPO  and  the  inductor  was  ferrite  core.  The 
inductor  is  adjusted  while  monitoring  the  mixer  output  to  produce  phase 
quadrature. 


HESLLTS 

Figures  7,  8,  !),  and  10  show  detailed  schematics  of  the  time  domain  phase 
comparator  outlined  in  Figure  0.  As  in  all  ultra  low  noise  work,  care  must 
lx;  exercised  in  keeping  (iO  Hz  interference  as  low  as  [xjssible.  In  this  com- 
fxiritor,  this  was  accomplished  by  the  use  of  a built  in  voltage  regulator  and 
magnetic  shielding;  the  whole  device,  the  diode  mixer  and  the  inductor  in  the 
phase  shifter  was  shielded  with  Co-Netic  foil.  The  comparator  is  designed  to 
use  an  externally  supplied  10  Hz  square  wave  for  modulation.  The  noise  band- 
width, (4  RC)*' , is  16.7  Hz.  Both  the  beat  frequency  and  the  noise  bandwidth 
can  be  changed  by  changing  the  ai)propriate  RC  time  constant.  To  ensure  good 
results  the  com(Kirator  has  its  own  level  sensing  trigger.  The  monitor  output 
is  a linear  outjxit  which  aids  in  adjusting  the  phase  splitter.  Both  a TTL  and  a 
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pulse  outi)ut  are  supplied  for  the  counter.  For  short  lines,  the  TTL  outjxit 
yielded  somewhat  better  results.  The  pulse  outfjut  is  floating  for  ground  loop 
isolation. 

The  device's  noise  resolution  was  measured  using  a Hewlett  Packard  5245 
counter  as  the  10  Hz  source,  an  oscillociuartz  B5400  5 MHz  crystal  oscillator  as 
the  reference,  and  a Hewlett-Packard  5345  counter  as  the  time  interval/period 
counter.  Figures  11  and  12  show  the  results  for  time  interval  and  period  re- 
spectively. Figure  11  shows  (?)  verses  averaging  time,  7 . is  defined 


It  is  a measure  of  clock  error  similar  to  (t)  used  in  clock  modeling'*,  but 
normalized  to  measure  single  point  error.  Figure  12  shows  the  two  sample 
Allan  Variance,  u ( r ),  verses  averaging  time.  The  variance  is  not  strictly  the 
zero  dead  time  variance;  for  t = 0.1s,  T = 2t,  and  for  t > Is,  T~  7 . 

Notice  the  device's  phase  noise  is  approximately  0.02ps  over  the  range  meas- 
ured. This  compares  quite  favorably  with  the  NBS  dual  mixer  system 


CONCLUSIONS 

The  simple  time  domain  phase  comparator  discussed  in  this  paper  offers  a 
means  of  making  ultra  high  resolution  phase  stability  measurements  with  a 
j minimum  of  equipment.  Though  not  as  versatile  as  the  dual  mixer  comparator, 

( in  applications  where  approximate  phase  quadrature  can  be  maintained,  the 

I simple  time  domain  phase  comparator  will  yield  as  good  or  better  results. 
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FIGl’l?ES 


1.  A simple  phase  noise  measurement  system 

2.  IJiodh  Mixer  Phase  Noise 

3.  Measuring  x(t)  and  y(t) 

4.  Voltage  to  tune  conversion  by  low  frequency  beat 

5.  Time  Domain  Measurement  System 
6 Time  Domain  Phase  Comparator 

7.  Phase  Comparator  Schematic  - Phase  Shifter  - Mixer 

8.  Phase  Comparator  Schematic  - Sum  Circuit 

9.  Phase  Comparator  Schematic  - Trigger  Circuit 

10.  Phase  Comparator  Schematic  - Voltage  Regulator 

11.  5 MHz  Phase  Resolution  with  Time  Interval  Counter 

12.  5 MHz  Phase  Resolution  with  Period  Counter 
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Fig.  5— Time  Domain  Measurement  System 


Fig.  6— Time  Domain  Phase  Comparator 
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Fig.  7 -Phase  Comparator  Schematic  - Phase  Shifter  - Mixer 


Fig.  8-Phase  Comparator  Schematic  - Sum  Circuit 


FREQUENCY  STABILITY  MEASUREMENT  PROCEDURES 
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ABSTRACT 

This  paper  is  intended  to  be  a tutorial  review 
of  established  techniques  for  workers  new  to 
this  field  and  as  a reference  for  those  who 
must  make  these  measurements  infrequently. 
Enough  background  is  included  to  remove  most 
of  the  mystery,  leaving  rigorous  mathmatical 
justifications  to  be  found  in  the  references. 
Special  techniques  for  pushing  measurement 
precision  to  the  known  limit  are  only  mentioned 
briefly.  It  is  recognized  that  any  single 
application  of  a precision  oscillator  will  have 
system  requirements  for  which  a limited  range 
of  these  procedures  will  apply. 

The  measurements  covered  are  phase  modulation 
sidebands  from  0.01  Hz  to  50  kHz,  and  short 
term  stability  by  Allan  variance  from  0.1 
millisecond  to  10^  seconds,  including  the 
effects  of  non-random  components  such  as  spurs 
or  bright  lines. 

Applications  of  a new  frequency  stability 
analyzer  system  are  discussed  in  some  detail 
also.  This  system  is  particularly  suited 
for  characterizing  VHP  frequencies  and  above. 


INTRODUCTION 

As  an  introduction  to  the  subject  of  frequency  stability, 
the  first  paragraphs  review  some  basic  concepts  which  set 
a context  for  understanding  the  measurement  methods  and 
results.  Frequency  measurements  are  concerned  with  describ- 
ing changes  in  the  phase  of  the  output  signal  of  an  oscil- 
lator. This  can  be  viewed  as  observing  how  uniformly  in 
time  the  zero  crossings  occur.  There  are  two  parameters 
which  have  little  to  do  with  frequency  stability  as  it 
affects  a user  system.  These  are  amplitude  modulation  and 
harmonic  distortion.  These  points  will  be  explained  next 
to  remove  them  as  possible  confusion  factors. 
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Amplitude  Modulation 


Most  measurement  methods  and  specification's  ignore  amplitude 
noise,  that  is  unwanted  amplitude  modulation.  This  is  be- 
cause amplitude  noise  can  be  stripped  off  in  an  inexpensive 
limiter  stage.  Many  systems  use  such  a limiter  to  interface 
with  a frequency  standard  input  for  this  reason,  as  well  as 
to  provide  gain  and/or  to  standardize  the  signal  level  for 
the  stages  which  follow.  Even  when  not  specified,  AM  noise 
sidebands  in  most  quality  sources  are  comparable  to  or 
better  than  phase  noise. 

Harmonic  Distortions 

The  square  wave  output  of  a symmetrical  limiter  mentioned 
above  contains  large  odd  order  harmonics  which  can  be  fil- 
tered off  if  the  system  would  be  perturbed  by  them.  Where 
a limiter  is  used,  odd  order  harmonic  distortion  on  the  out- 
put of  the  oscillator  is  of  no  consequence.  Of  more  concern 
is  even  order  harmonic  distortion  because  it  causes  the  pos- 
itive half-cycles  to  have  a different  shape  from  the  nega- 
tive half  cycles.  This  asymmetry  can  cause  unbalanced 
operation  in  sj^ne  frequency  doubler  circuits. 

Most  applications  are  not  sensitive  to  moderate  amounts  of 
harmonic  content.  Because  of  this,  even  the  highest  quality 
sources  have  Sarmonic  distortion  specifications  around  30 
to  40  dB  down.  This  performance  is  easily  measured  directly 

on  a spcctj"um  analyzer,  or  selective  voltmeter. 

♦ 

To  summarize-:  any  distortion  in  the  shape  of  the  wave  which 

remains  unchanged  from  one  cycle  to  the  next,  shows  up  as 
harmonic  distortion.  This  is  easily  measured,  and  has  no 
effect  on  frequency  or  phase  stability. 

f 

FREQUENCY  j^PlIASE,  TIME 

Examination  of  the  frequency  standard  output  waveform  will 
now  concentrate  on  the  variations  in  the  time  of  occurance 
of  the  ze  ro^- ross  ings  (1).  Consider  again  a frequency 
standard  si*ial  having  passed  through  a hard  limiter.  The 
only  information  remaining  is  tlie  time  of  the  zero  crossings. 
It  is  here  that  all  the  stability  of  frequency  and  phase, 
or  time,  is  ^'fined.  This  suggests  the  technology  of  digit- 
al logic  whe*  waveshape  and  amplitude  receive  little  atten- 
tion, but  edge  timing  is  critical.  An  illustration  of 
these  points  exists  in  the  fact  that  .Schot'Vy  T^L  logic 
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circuitry  can  be  used  to  process  the  output  of  a high 
quality  source  with  comparable  results  to  well  designed 
discrete  analog  circuitry.  Also,  the  action  of  logic  cir- 
cuitry meets  the  definition  of  a hard  limiter. 


Trcqucncy  Counters 

The  most  familiar  method  of  frequency  measurement  is  the 
frequency  counter  instrument.  When  it  is  used  for  a stand- 
alone measurement  (without  use  of  an  external  reference 
standard)  its  internal  time  base  oscillator  accuracy  will 
range  from  10"'  for  a top  quality  instrument  on  a monthly 
calibration  schedule,  to  10'^^  for  a low  cost  counter  receiv- 
ing annual  checks. 


In  order  to  make  frequency  measurements  with  accuracies 
better  than  10"^,  a carefully  maintained  house  standard 
is  usually  the  reference  of  choice  in  a laboratory  environ- 
ment. In  a field  or  system  environment,  an  atomic  resonance 
stabilized  oscillator  can,  even  with  significant  environ- 
mental effects,  still  offer  10"^'  absolute  accuracy. 


The  resolution  of  the  frequency  counter  itself  represents 
a measurement  precision  limit  separate  from  the  reference 
source.  For  example  a modern  high  performance  counter  may 
actually  count  a 500  MHz  internal  clock  for  a large  number 
of  periods  of  the  input  signal  to  be  measureti.  Such  a coun- 
ter then  divides  the  latter  by  tlie  former  to  display  a 
frequency  result.  The  resolution  is  simply  the  total 
number  of  cycles  of  500  MHz  counted.  If  the  operator  can 
j afford  to  wait  1000  seconds  for  a reading,  then  the  resolu- 

I tion  is  one  out  of  5 x lO^^  or  2 x 10' per  increment  of 

, the  least  significant  digit. 

i 

t 

> Frequency  From  Phase  Rate 


The  difference  between  two  frequencies  can  be  measured  by 
triggering  an  oscilloscope  with  one  while  observing  the 
other  and  timing  the  rate  of  phase  drift  between  the  two 
with  a stop  watch.  For  instance,  if  during  10  seconds, 
four  cycles  pass  across  the  center  line  of  the  graticule, 
then  the  frequencies  differ  by  0.4  Hz. 

It  is  more  common  to  time  the  passage  of  a z ero - c ross i ng 
of  the  signal  as  it  moves  across  a major  division  of  tlic 
oscilloscope  screen  for  two  reasons:  First,  for  small 
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frequency  errors,  many  minutes  or  oven  days  might  elapse 
before  a complete  cycle  had  passed.  Second,  frequency 
errors  and  tolerances  are  usually  expressed  in  normalized 
or  fractional  notations  as  Af/f.  If  the  0.4  Hz  error  above 
were  on  a 10  Mllz  signal,  then  its  fractional  frequency  error 
or  Af/f  would  be  4 x 10'^. 

As  an  example  of  this  method,  conditions  near  the  practical 
limit  of  its  use  are:  a 10  nanosecond  phase  change  during 
a 100  second  elapsed  time.  This  is  referred  to  as  a 
At/t  of  1 X 10"'^.  Since  a At/t  measured  in  this  way  equals 
Af/f  directly,  computation  is  minimal  and  simple.  It  is 
useful  to  note  that  this  method  does  not  involve  knowledge 
of  the  carrier  frequency.  This  can  be  especially  convenient 
when  the  carrier  frequency  is  a cumbersome  non- integer,  or 
for  comparing  errors  among  branches  of  a system  where  the 
carrier  frequencies  differ.  A coherent  synthesizer  will 
probably  be  needed  to  serve  as  a trigger  reference  in 
these  cases. 


Phase  Meter,  Strip  Chart  Recorder 

Several  more  orders  of  magnitude  of  resolution  down  to 
Af/f  = I X 10'  can  be  obtained  by  using  a phase  meter 
with  some  means  of  recording  its  output.  The  simplest 
arrangement  to  achieve  this  is  a vector  voltmeter  with  its 
dc  phase  output  connected  to  a strip  chart  recorder.  This 
can  resolve  0.1  nanosecond  and,  in  less  than  three  hours, 
or  10'*  seconds,  the  resolution  becomes  At/t  = 1 x lO'*'*. 

A time  interval  counter  can  also  be  used  to  measure  phase, 
and  can  reach  fractional  nanosecond  resolution  with  time 
interval  averaging,  or  interpolation.  Recording  data  from 
a counter  can  be  handled  with  a printer,  a digital  to  analog 
converter  and  strip  chart  recorder,  or  an  interface  bus  to 
a calculator  and  peripherals. 

A comment  on  the  At/t  method  is  in  order:  The  fractional 

frequency  difference  measured  with  this  method  is  the 
average  (mean)  during  the  measurement  interval  t. 

These  techniques  are  recommended  for  the  measurement  of 
absolute  frequency  error,  long  term  aging,  effect  of  envi- 
ronmental changes,  and  house  standard  monitoring.  Two  beat 
frequency  methods  which  yield  extreme  resolution  in  very 
short  measurement  times  are  described  in  HP  Application 
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Note  52-2,  page  5 (1),  and,  by  David  IV.  Allan,  "Report  on 
NBS  Dual  Mixer  Time  Difference  System  (DMTD)..."  (2). 


TRHQUliNCY  STABILITY 

An  oscillator's  inherent  instabilities,  other  than  those 
induced  by  environmental  effects,  can  be  grouped  convenient- 
ly into  three  classes  of  frequency  changes:  monotonic, 

periodic,  and  random. 


Aging 


Monotonic  drifts  in  frecpiency  over  time  ranging  from  days 
upward  are  called  frequency  aging  and  are  measured  by 
repeated  application  of  techniques  described  above  for 
absolute  frequency  measurement.  f3)  Non- monotonic  drifts 
also  occur  and  can  be  measured  by  these  techniques. 

Periodic  TM 

Periodic  changes  in  frequency  amount  to  frequency  modulation 
(whether  or  not  intentional)  by  a sine  wave  and  its  harmon- 
ics. This  is  a typical  problem  in  many  applications  and 
will  be  discussed  along  with  random  frequency  variations 
and  their  measurements.  It  is  worth  noting  at  this  early 
point  that  frequency  modulation  or  phase  modulation  are  no 
more  than  different  ways  of  measuring  the  same  signal.  For 
example,  should  one  attempt  to  analyze  the  signal  coming 
from  a black  box  emitting  a 1.0  MHz  carrier,  whose  frequency 
swings  sinusoidally  from  0.999  MHz  to  1.001  MHz  at  a 1.0 
kHz  rate,  it  would  be  found  to  have  FM/PM  sidebands,  spaced 
at  1.0  kHz  multiples  from  the  carrier,  of  amplitudes  indic- 
ating a modulation  index  of  1.0.  Correspondingly  a phase 
meter  would  show  that  the  carrier  phase  was  swinging  sin- 
usoidally at  a 1.0  kHz  rate  with  peak  excursions  of  1.0 
rad i an  . 


R..\\DOM  FRLQUhiNCY  VARIATIONS,  TIMF  DOMAIN 


Possibly  the  most  familiar  measure  of  the  randomness  or 
scatter  of  any  variable  is  the  standard  deviation  or  rms , 
the  usual  symbol  is  a lower  case  sigma,  o,  and  a formula 
is:  / 


N 

E 

j = i 


fxj  - xj 


(I 
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This  means  that  \ measurements,  each  an  Xj , are  averaged  to 
find  X,  then  a is  computed.  This  was  applied  to  character- 
ize frequency  sources  until  it  was  found  that  some  of  the 
non-white  noise  processes  commonly  present  caused  rs  to  vary 
depending  on  the  choice  of  N . This  is  even  worse  because, 
for  larger  \ , 0 can  increase  instead  of  converging.  Further 
detail  is  in  \BS  Technical  .Vote  669,  p.  7,  f4). 

F'or  these  reasons,  in  the  measurement  of  frequency  sources,  a 
special  definition  of  o,  which  avoids  the  divergence  problems, 
is  in  universal  use.  This  measure  is  called  the  Allan  var- 
iance after  its  developer.  It  may  be  recalled  that  a vari- 
ance is  the  square  of  a standard  deviation.  This  measure  is 
defined  by  the  formula: 

2 I'M-  1 ) ^ *>'k+l‘>'kl 

k=  1 

where  M measurements  are  made  of  Af/f,  each  of  which  is  a 
>']..  On  sigma,  the  subscript  y means  that  sigma  is  a measure 
of  the  scatter  in  fractional  frequency  difference,  y =Af/f. 

The  "approximates"  symbol,  "v,  is  used  instead  of  "equals", 

=,  because  this  is  a measure  of  a random  phenomemon  by  a 
finite  number  of  samples,  .M.  This  means  that  some  scatter 
must  be  expected  in  measurements  of  ayfx),  amounting  to 
several  percent  for  M=100.  fl5)  The  time  duration  of  each 
measurement  is  t,  also  called  averaging  time  or  sample  time. 
The  significance  of  the  parameter  x appears  when  we  measure 
a (x)  for  different  averaging  times,  in  effect  varying  i step- 
wise,  then  plot  the  results.  This  is  the  familiar  frequency 
standard  specification  plot  of  Oyfx)  versus  x.  Since  x is 
the  independent  variable,  these  are  called  TIMF  OOMAI.N  mea- 
surements and  specifications,  and  also  SHORT  TERM  STABILITY. 


In  order  to  measure  the  Oyfx)  of  all  higher  quality  sources, 
which  includes  quartz  oscillators  well  below  $1000,  some 
special  arrangement  is  required  beyond  a simple  frequency 
counter  to  attain  sufficient  resolution.  The  basic  method 
which  has  seen  the  widest  use  is  the  heterodyne  or  beat 
frequency  method.  This  is  diagrammed  in  Figure  1 and  requires 
that  the  two  oscillators  to  be  compared  be  offset  by  the 
desired  difference  frequency,  fp,  usually  between  1.0  and 
10  hertz.  Proper  choice  of  fp  will  make  the  counter  read 
directly  in  Af/f  scaled  by  a convenient  power  of  10.  The 
relationship  is: 


Af 

~r 


D 


•Ax 


t: 


(3. 


where  Af/f  is  the  fractional  frequency  difference  indicated 
by  an  increment  in  the  period  count  of  Ax.  The  nominal 
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carrier  frequency  is  f^  and  the  beat  frequency  fii.  For 
example,  if  fg  = 10^  Hz,  fp  = 10  Hz,  and  the  least  digit 
of  the  period  count  is  At  = 10"^  second,  then  the  resolution 
of  each  measurement  is  10*12.  This  gives  the  scale  of  the 
counter  readings  so  that  they  may  be  entered  into  equation 
(2.  above  directly  as  the  yj^  measurements.  The  averaging 
time  of  the  measurement  is  the  period  which  is  counted,  at 
the  minimum,  t = 1/fp,  and  multiple  periods  can  be  counted 
for  longer  t . 

In  Figure  1,  the  block  labeled  "Mixer,  Low  Pass  Filter, 
Amplifier"  must  be  designed  with  some  care  to  achieve  a 
low  noise  interface  between  the  mixer  and  the  counter,  and 
to  set  the  noise  bandwidth  of  the  system  to  the  desired 
value,  conventionally  100  kHz.  When  measuring  in  a region 
of  T where  Oy(Tj  shows  white  noise  phase  modulation,  the 
measurement  result  will  be  proportional  to  the  square  root 
of  the  system  bandwidth.  There  is  a commercial  product 
which  serves  these  needs,  the  HP  lOS.^OA  mixer/amplifier 
shown  in  the  .S390  System  (5),  Figure  2. 

Another  parameter  which  can  affect  the  measurement  is  the 
reset  interval  of  the  counter,  also  called  dead  time.  In 
this  arrangement  the  counter  must  ignore  one  period  between 
the  completion  of  one  measurement  and  the  start  of  another, 
while  it  outputs  data  and  resets.  This  dead  time  biases 
the  measurement  result,  requiring  corrections  which  are 
called  bias  functions.  These  are  tabulated  in  NBS  Mono- 
graph 140,  pages  190  - 204  (6)  and  HP  Application  Note  174-7 
(7).  An  abbreviated  table  is  included  in  Appendix  I). 

In  order  to  choose  the  proper  bias  function  to  apply  to  a 
data  point,  the  slope  of  the  data  at  that  point  must  be 
known.  This  means  that  Oy( i ) must  be  measured  at  least 
two  different  values  of  averaging  time  t.  If  only  a few 
values  of  t are  used,  they  should  be  separated  by  ratios 
of  about  two  or  three.  Measurement  uncertainty  would  lead 
to  a large  slope  uncertainty  for  a pair  of  closely  spaced 
points.  If  a pair  of  data  points  were  spaced  a decade 
apart  in  x,  the  slope  could  be  changing  significantly.  The 
best  policy  is  to  plan  to  take  as  many  data  points  as  cir- 
cumstances allow.  More  detailed  discussion  of  which  slopes 
may  be  expected  is  located  in  the  section  headed  "Conversion 
of  Data  Between  Time  and  Frequency  Don.ains." 

If  a 10  Hz  offset  between  the  unit  under  test  and  the 
reference  can  be  achieved,  then  this  heterodyne  method 
can  be  used  to  measure  oy(x)  conveniently  for  t from  at 
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least  1000  seconds  down  to  1/10  second.  Efforts  to  increase 
the  offset  frequency,  to  measure  at  shorter  times,  must  be 
applied  with  care,  because  such  conversion  techniques  as 
synthesizing  and  mixing  can  easily  add  more  noise  than  that 
which  was  to  be  measured. 

If  a signal  from  a third  oscillator  of  similar  or  better 
quality  to  the  unit  under  test  is  available,  then  two  more 
sets  of  data  can  be  taken,  pairwise  among  the  three.  These 
three  measurements  then  can  be  combined  to  find  the  perfor- 
mance of  each  individual  unit  (8) . 

^ °ac^  -°bc^)  (4. 

The  subscripts  refer  to  units  a,  b,  and  c.  Once  the  refer- 
ence unit  is  calibrated,  then  future  measurements  of  un- 
knowns can  be  computed  more  simply: 

°a  = '/yab^  ■ °b^  ' 

Clearly,  all  measurements  combined  must  be  at  the  same  t. 

Tor  nearly  all  stable  sources,  their  short  term  stability 
in  the  region  of  approximately  one  millisecond  to  one  sec- 
ond shows  white  noise  of  phase  as  the  dominant  process. 
Direct  measurement  of  this  performance  requires  an  addition- 
al level  of  complexity  beyond  the  basic  methods  of  this 
pape  r . 

Fortunately  there  is  a basic  method  which,  though  indirect, 
gives  a more  detailed  characterization  of  performance.  This 
method  is  the  phase  noise,  Tff),  measurement  in  the  fre- 
quency domain.  Most  stable  sources  exhibit  a flattening- 
out  of  their  phase  noise  spectrum  in  the  100  Hz  to  10  kllz 
region.  The  asymptote  of  this  measurement  can  be  converted 
using  the  white  phase  equation  for  a (t)  in  Table  1 to  give 
the  corresponding  Allan  variance  in  the  time  domain. 

The  improved  detail  comes  from  the  fact  that  the  phase 
noise  measurement  will  show  the  frequency  and  amplitude  of 
any  discrete  spurious  sidebands.  The  peak  effect  of  these 
on  Oy(T)  is  calculated  by: 

Oy(T)  = N/antilog  (Ip^,  dB/10)  t"’  fb. 
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where  Tq  is  the  nominal  carrier  frequency  and  £piq  is  the 
single  sideband  to  carrier  ratio  in  decibels  of  the  spur. 

A derivation  of  this  formula  appears  in  Appendix  A.  Note 
that  this  result  is  not  a function  of  the  sideband  frequency. 

The  above  points  are  illustrated  by  actual  data  plots  in 
Figure  3.  The  Oy(T)  data  was  taken  with  an  HP  5390A 
Frequency  Stability  Analyzer  and  the  £{f)  data  was  taken 
with  the  arrangement  in  Figure  4,  using  an  HP  10534A  Mixer, 
3.S81  Wave  Analyzer  and  7035B  X-Y  Recorder. 

Incidentally  for  t less  than  one  millisecond,  the  frequency 
domain  measurement  is  still  the  better  choice  for  the  same 
reasons.  In  some  sources,  a bandpass  filter  is  included 
which  causes  the  phase  noise  or  X(f),  curve  to  break  down- 
ward at  a slope  of  f*^  starting  at  some  frequency  above 
10  kHz.  This  is  random  walk  of  phase  or  white  FM  and  has 
a time  domain  slope  of  t-'i.  Whenever  this  performance  is 
encountered  in  a frequency  domain  measurement,  its  asymp- 
totic slope  can  be  converted  to  OyCr)  by  using  the  white 
frequency  equation  in  Table  1. 

Turning  to  the  region  of  t=1  second  and  greater,  the 
situation  reverses,  and  direct  measurements  of  ay(r)  become 
simpler.  The  following  section  gives  details  on^phase  noise 
measurement . 
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To  minimize  conTusion ,this  paper  deals  with  frequency  domain 
measurements  in  terms  of  only  one  of  the  measures  available. 
The  choice  of  single  sideband  phase  noise  to  carrier  ratio, 
£(f),  was  made  because  this  measure  is  currently  in  almost 
universal  use  on  oscillator  data  sheets,  when  frequency 
domain  specifications  are  offered.  This  situation  may  change 
due  to  strong  efforts  to  standardize  on  S^(f)  to  replace 
Xff).  If  this  occurs  it  will  proceed  slowly  and  apace  with 
the  desires  of  the  user  community.  Accordingly  it  is  tiie 
reader's  prerogative  to  make  his  preferences  known  to  his 
vendors  in  order  to  cast  his  vote  in  the  matter.  In  the 
comments  and  equations  to  follow,  Xff)  may  be  replaced  with 
any  of  the  other  measures  by  including  the  scaling  coeffi- 
cients tabulated  in  Appendix  B.  Some  discussion  of  the  uses 
of  the  symbol  f is  in  Appendix  C. 

The  basic  method  of  measuring  phase  noise  on  signals  makes 
use  of  the  doubly  balanced  mixer  as  a phase  detector  as  shown 
in  Figure  4.  Two  recent  publications  describe  extensions  of 
this  approach;  .MBS  Technical  Note  679  by  David  Howe  f9),  and 
HP  Application  Note  207  (10). 

This  system  operates  with  both  the  reference  and  the  unit 
under  test  at  the  same  frequency.  When  the  two  signals 
into  the  mixer  are  in  phase  quadrature,  the  mixer's  average 
dc  output  voltage  will  be  zero  and  phase  fluctuations  will 
be  translated  to  voltage  fluctuations  about  zero.  In  order 
to  keep  the  input  phases  near  quadrature  where  the  mixer's 
phase  sensitivity  is  greatest  and  linear,  and  where  its 
amplitude  sensitivity  is  very  small,  there  is  a feedback 
path  to  the  KFC  (electronic  frequency  control)  input  of  the 
reference  oscillator.  This  constitutes  a phase  locked  loop 
and  functions  as  a convenience  to  the  operator  by  helping 
maintain  quadrature.  Its  operation  is  not  part  of  the 
measurement  of  phase  noise;  in  fact,  care  should  be  taken 
that  the  time  constant  of  this  loop  is  at  least  a tenth 
of  a second  if  phase  noise  is  to  be  measured  as  low  as 
5 Hz,  so  that  the  loop  will  not  track  and  reduce  the  phase 
variations  to  be  measured. 

The  network  following  the  mixer/phase  detector  in  Figure  4 
is  a low  pass  filter.  The  output  of  the  mixer  will  contain 
both  the  sum  and  difference  of  the  two  frequencies  at  its 
inputs.  Since  the  two  frequencies  are  the  same,  fo,  then 
the  mixer  output  is  dc  with  pliase  information  plus  a 2 f„ 
component  of  amplitude  about  6 dB  below  the  smaller  of  the 
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two  inputs.  The  low  pass  attenuates  the  2 fp  signal  to 
avoid  overload  or  dynamic  range  problems  witn  the  input 
stage  of  the  analyzer  which  follows.  The  purpose  of  the 
51n  resistor  is  to  provice  a matched  load  for  the  2 fp 
signal  from  the  mi.xer. 

This  is  desirable  because  it  helps  the  R and  L ports  of  the 
mixer  perform  as  specified.  The  3900  pf  capacitor  allows 
the  2 fp  signal  to  pass,  above  0.5  MHz,  while  blocking  the 
thermal  noise  of  the  resistor  to  keep  it  from  adding  to  the 
signal  to  be  measured.  Without  the  capacitor,  if  the  signal 
were  6 dB  above  the  resistor  noise,  the  measured  value 
would  be  made  1 dB  worse  by  the  resistor  noise.  This 
capacitor  also  blocks  the  signal  frequencies  to  be  measured 
and  prevents  the  resistor  from  loading  the  mixer  at  these 
lower  frequencies.  This,  with  rhe  high  imput  impedance 
of  the  analyzer  yields  6 dB  more  signal  level  than  if  the 
mixer  were  terminated  at  low  frequencies. 

The  82uH  inductor  and  0.039  uF  capacitor  form  a two  pole 
low  pass  section  which  is  flat  within  0.1  dB  to  50  kHz,  is 
3 dB  down  at  100  kHz  and  has  skirts  more  than  40  dB  per 
decade  down  above  100  kHz.  When  constructed  of  an  inexpen- 
sive choke  coil  and  mylar  capacitor  this  circuit  has  reached 
-60  dB  at  2.0  MHz  and  stayed  below  -60  dB  will  past  10  MHz. 

The  100  kJl  resistor  and  0.1  viF  capacitor  form  a 10  mil- 
lisecond time  constant  low  pass  to  assure  the  slowness  of 
the  phase  lock  loop  and  help  isolate  the  signal  path  from 
the  EFC  path  where  an  oscilloscope  or  chopper  stabilized 
sensitive  dc  voltmeter  might  be  connected. 


Calibration  Factors  Using  Double- Balanced-Mixer  Phase 
Detector 


For  small  deviation  phase  modulation,  the  total  signal 
instantaneous  voltage  is  given  by  Til): 

V(t)  = cos  u^t  - 

^ 

carrier  sidebands 


cos  (ojj,- 


u^)t  + 'lA^B  cos  + 


where  A^,  is  the  peak  amplitude  in  volts  of  the  carrier  com- 
ponent sine  wave  alone,  is  the  carrier  frequency  and 
the  modulation  frequency  both  in  radians  per  second,  t is 
time,  the  independent  variable,  in  seconds,  and  B h tuf, , 
the  peak  phase  excursion  in  radians,  also  defined  as 
or  Af/f  , the  peak  frequency  excursion  divided  by  the 
modulating  frequency. 


By  using  the  appropriate  terms  from  (1.,  the  ratio  of  single 
s idehand- to-carr ier  power  can  be  expressed  as: 

I ^ 

=\~^  ) = (8. 


When  a phase  noise  measurement  system,  as  shown  in  Figure  4, 
is  calibrated  by  offsetting  the  frequency  of  one  of  the 
inputs  to  the  double-balanced  mixer  phase  detector,  the 
voltage,  j , of  the  sine  wave  out  of  the  mixer  at  the 
difference  frequency  is  usually  measured  by  an  rms  indicating 
instrument.  This  gives  the  desired  mixer  transfer  coeffi- 
cient if  scaled  as  follows: 


-('cal  volts  r»s)  (/2  ) C9. 

This  is  because  the  sinusoidal  waveform  of  the  mixer  output 
has  a slope,  as  it  crosses  the  zero  axis,  expressed  in  volts 
per  radian,  equal  to  the  peak  amplitude  of  the  wave  in  volts. 
Recall  that  the  sine  function  has  a peak  value  of  one  and 
also  a slope  at  the  origin  of  one. 


Then,  when  a phase  noise  reading  is  taken,  the  indication 
will  represent  the  actual  phase  excursions  and  again  will 
be  rms,  that  is  Vpgg  volts  rms  and: 

Vdsb  volts  peak  volts  rms f/2  volts  peak/volts  rmsj  ^ 
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and  the  phase  modulation  is  related  to  the  mixer  output  by 
its  transfer  coefficient: 


8 radians  peak  = 


^nSB  peak 

3V  volts  peak 
"TaT  radian  peak 


Subst i tut ing  f9.  and  (10.  into  (11.: 
6 radians  peak  = 


volts  rms 

•^2  V volts  rms 
cal 


Then  substituting  (12.  into  (8.: 

„„ 

V 

Iff)  dB  = 20  log  — 


DSB 


V,-. 


- 6 dB 


cal 


n 1 


(i; 


(13 


Changes  in  attenuator  or  gain  control  settings  between 
calibration  and  measurement  phase  must  also  be  taken  into 
account.  The  signal  level  applied  to  the  L port  of  the 
mixer  should  bo  as  large  as  possible,  within  the  mixer 
specification  and  should  not  be  changed  for  either  calibra- 
tion or  measurement  phases.  If  it  is  planned  to  change 
the  R port  signal  level  between  calibration  and  measurement, 
then  during  the  calibration  phase  the  R level  should  be 
run  up  to  the  highest  level  to  be  used,  while  monitoring 
the  changes  in  to  verify  that  the  mixer  is  in  a linear 

range.  On  the  other  hand  the  operator  may  choose  to  operate 
the  mixer  at  high  levels,  where  several  dB  of  compression 
are  occurring,  to  get  the  best  system  noise  performance. 

This  is  valid  provided  that  no  signal  level  changes  occur 
between  calibration  and  measurement  at  the  L and  R ports 
of  the  mixer. 

After  offsetting  the  two  oscillators  to  calibrate  the  system, 
they  must  be  returned  to  the  same  frequency  and  the  ETC 
loop  locked.  The  mixer  dc  average  output  voltage  should  be 
checked  to  make  sure  it  is  near  zero,  preferably  within  a 
few  millivolts,  before  and  after  making  the  phase  noise 
measurement . 
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Thus  far  all  the  points  discussed  apply  equally  to  a discrete 
spectral  component  (bright  line)  as  well  as  to  the  random 
noise  phase  modulation  contained  in  a specified  noise  band- 
width. Since  most  of  the  measuring  instruments  which  might 
be  used  for  these  tests  are  designed  to  measure  and  are 
calibrated  for  discrete  spectral  components,  equation  (13. 
applies  directly  for  them.  Examples  of  these  instruments 
are  wave  analyzers,  spectrum  analyzers,  and  tuned  voltmeters. 

In  the  case  of  random  phase  modulation,  if  the  bandpass 
filtering  function  of  the  measuring  instrument  were  followed 
by  a true  rms  detector,  followed  by  linear  low-pass  smoothing 
or  averaging,  then  equation  (13.  would  still  apply.  However, 
in  order  to  give  a reading  linear  in  decibels,  many  analyzers 
utilize  logarithmic  IF  amplifiers  followed  by  an  average- 
responding  amplitude  detector. 

If  the  measurement  system  has  a logarithmic  conversion 
followed  by  an  average  detector  before  the  final  averaging 
or  smoothing  (which  may  be  by  visual  estimate),  then  a 
factor  of  +2.5  dB  must  be  applied  to  (13.  above  when  mea- 
suring random  noise  (10,  12,  13,  14).  Also  the  resolution 
bandwidth  control  setting  is  narrower  than  the  actual  noise 
bandwidth  effective  in  the  measurement  so  that  a factor  of 
-0.8  dB  must  also  be  applied  to  (13.  above  when  measuring 
random  noise  (13).  For  ultimate  accuracy,  this  factor 
should  be  checked,  because  many  IF  bandwidths  are  specified 
as  +101.  The  resulting  formula  for  random  noise  is  then: 

V 

JC(f)  dB  = 20  log  — 4.3  dB  (14. 

Veal 

In  the  HP  3580A  (and  3581A)  Spectrum  Analyzer,  following 
the  ac  log  amp  and  average  - respond! ng  detector,  there  is  a 
dc  output  to  the  rear  panel  for  an  external  recorder. 

Equation  (14.  applies  for  this  output  because  it  is  propor- 
tional to  the  detector  output.  However  this  signal  is  also 
fed  into  an  analog-to-digital  converter  for  internal  display 
and  storage.  This  converter  operates  in  a time  window  during 
wliich  its  conversion  algorithm  increments  the  digital  word 
whenever  an  excursion  of  the  analog  input  exceeds  the  con- 
verted value.  This  has  the  effect  of  "peak  grabbing"  and 
seems  to  give  a displayed  result  which  is  about  one  to  two 
sigma  of  the  detected  signal  above  its  long-term  mean,  a 
source  of  error  from  2 dB  for  Gaussian  to  about  6 dB  for 
non-Gaussian  noise  in  the  HP  3580A,  when  measuring  random 
noise.  The  only  defense  against  this  is  the  use  of  maximum 
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sinoorhiag  to  minimise  the  variability  of  the  signal  being 
converted,  during  the  conversion  time  window. 

Under  many  desirable  sweep  and  bandwidth  conditions,  the  use 
of  maximum  smoothing  will  cause  the  "ADJUST”  lamp  to  light. 
For  the  measurement  of  random  noise  having  a gently  sloping 
spectrum  this  is  of  no  consequence.  The  meaning  of  the  lamp 
is  that  the  instrument  will  be  sweeping  past  any  discrete 
signals  more  rapidly  than  the  smoothing  circuit  can  respond 
so  that  their  indicated  amplitude  will  be  depreciated  and 
uncalibrated.  A reasonable  set-up  procedure  seems  to  be 
the  adjustment  of  the  bandwidth,  sweep  width  and  rate  with 
the  smoothing  set  at  minimum,  so  that  the  most  expeditious 
settings  are  obtained  while  keeping  the  adjust  lamp  off; 
then  switching  to  maximum  smoothing,  which  brings  the  adjust 
lamp  on.  Should  bright  lines  be  present,  they  will  be  almost 
as  noticeable  above  the  noise  with  maximum  smoothing  as  with- 
out. If  their  presence  is  detected,  then  a measurement  of 
their  true  amplitude  can  be  made  using  settings  which  ex- 
tinguish the  adjust  lamp.  The  only  subtlety  discovered  in 
testing  this  technique  occurs  whenever  a large  number  of 
closely  spaced  discrete  lines  can,  in  a wide  sweep,  mas- 
querade as  random  noise.  An  example  of  this  is  60  Hz  and 
its  harmonics  viewed  in  a 10  kHz  wide  sweep.  Harmonics 
through  the  50th,  to  3 kHz  have  been  seen.  In  this  example, 
a 10  Hz  bandwidth  was  little  help  in  resolving  the  true 
situation.  This  trap  existed  with  both  minimum  and  maximum 
smoothing  but  maximum  smoothing  makes  such  situations  even 
less  suspicious  in  appearance.  The  tactic  for  testing 
against  this  trap  is  to  narrow  the  sweep  width  to  no  more 
than  100  times  the  bandwidth  and  use  a sweep  rate  and 
smoothing  which  extinguish  the  adjust  lamp.  If,  under  these 
conditions  the  spectrum  appears  smooth,  then  there  are  no 
discrete  lines  separated  by  more  than  the  bandwidth  setting. 

When  measuring  a rapidly  sloping  spectrum  it  is  important 
to  keep  the  measurement  bandwidth  narrow  enough  so  that 
nearby  components  at  a higher  level  do  not  come  in  through 
the  skirt  response  of  the  IF  and  bias  the  measurement  up- 
ward . 

A measurement  worksheet  format , i nc 1 uded  with  the  figures, 
has  been  found  useful  in  unifying  the  results  of  different 
workers.  The  one-tenth  decade  frequency  steps  facilitate 
the  use  of  linear  scaled  graph  paper,  for  later  plotting, 
on  which  integer  slopes  are  more  readily  recognized  and 
manipulated.  The  steps  are  also  1/3  octave  so  that  octave 
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steps  starting  at  any  point  and  proceeding  in  either 
direction  are  pre - computed . This  is  also  true  of  half 
decade  points  as  well  as  f ive-per-decade  points.  The  most 
important  aspect  of  the  worksheet  is  that  it  encourages 
the  worker  to  record  "Raw  Readout"  so  that  the  scaling  of 
the  data  may  be  questioned,  reconstructed,  and  either 
vindicated  or  modified  at  a later  date  without  repeating 
the  measurement. 


Individual  Oscillator  Phase  Noise  Characterization 

The  single  sideband  phase  noise,  JC(f),  of  an  individual 
oscillator  at  a particular  frequency  f can  be  deduced  from 
pairwise  measurements  among  three.  The  approach  used  here 
is  analogous  to  one  for  oyCr)  developed  by  Gray  and  Allan 
(8).  For  Tff)  expressed  in  decibels,  the  measured  values 
will  obey  the  relationship: 

Measurement  = 10  log^antilog  (i;|(f)/10)  + (15. 

antilog 

For  example:  Measurements  among  three  sources  would  yield 

the  results  depicted  in  the  following  examples: 
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UN  I T 
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-94 
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Note  that  in  units  1 through  6 the  individual  unit  perform- 
ance numbers  are  simple  and  repetitious.  Now  consider  the 
measurement  results  to  discern  how  these  results  indicate 
the  particular  equalities  and  differences  which  e.xist 
between  the  individual  units.  In  particular,  the  fact 
that  jC  1 2 equals  £ | means  that  units  2 and  7>  are  equal. 

Then  each  alone  must  be  3 dB  better  than  the  measured  result 
for  Once  this  is  known,  equation  (15.  can  be  used 

to  find  the  individual  performance  of  unit  1. 

The  example  with  units  4,  5 and  6 is  offered  to  allow  the 
reader  to  check  the  understanding  gained  from  the  first 
trio. 

The  third  example  with  units  7,  8 and  9 is  more  represent- 
ative of  the  range  of  performance  typically  encountered. 

Note  that  in  this  last  example,  the  differences  from  the 
median  measurement  of  -93  dB  are  only  +0.8  and  -2.2  which 
could  have  been  brushed  aside  as  experimental  error  or 
scatter.  This  would  lead  to  the  interpretation  that  all 
three  sources  arc  substantially  equal,  and  therefore  about 
-93  -3  = -96  dB.  This  would  be  an  unfortunate  misuse  of 
the  data  because  it  ignores  significant  differences  among 
the  three  sources  of  four  times  the  noise  power  in  the 
sidebands  of  the  -94  dB  source  relative  to  the  100  dB 
source. 


Kquation  (15.  and  the  examples  are  based  on  simple  addition 
of  the  individual  power  levels  of  uncorrclatcd  noise. 
Expressed  in  units  of  watts,  this  can  be  stated  as; 


12 


= Pj  + P^ 


(16. 


.)9I 
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where  Pj2  is  a measurement  of  signal  1 versus  signal  2. 
Given  three  measurements,  the  individual  source  performance 
can  he  computed.  A formula  for  this  is  derived  as  follows: 

P , = P + P,  fl  7 . 

ah  a b 

■V  = r’w  + f'  r^Q 

b c b c (18. 

i’  = i’  no 

ac  a c (19. 

then;  * ^ 


c ac  ’ 


■’’b  ^ 


P.  = -P  + P 
b a 


and  bv  substitution: 


P,  + P 
be  ac 


P = - P + P u - iV  + 
a a ab  be  ac 


2P  = P , + P - P, 

a ab  ac  be 


b w + 1’  - iV 

ab  ac  be 


and  similarly  for  P,  and  P : 
^ b c 


P,  + P , - P 

be  ab  ac 


^ac  ^ ^bc  - >’ab 


When  these  noise  sideband  powers  are  expressed  in  dll  power 
ratio  relative  to  the  carrier,  equation  (20.  becomes: 

X,j(f)dll  = 10  logjl  [anti  log(X.jjy  10)  + 


ant  ' log  (X,j^,/ 1 ny  - ant  i log  (X|.j^/ 10  ) 


and  again  the  form  is  the  same  for  eciuations  (21.  and  (22. 
witli  appropriate  subscript  changes. 
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}-or  development  work,  after  an  individual  oscillator  of 
good  performance  has  been  characterized  by  this  procedure, 
it  can  serve  as  a measurement  reference  for  testing  oscil- 
lators as  much  as  3 dB  better.  Only  a single  measurement 
is  required,  the  result  being  interpreted  in  the  light  of 
the  known  performance  of  the  reference  oscillator  by  the 
use  of  equation  (15.  This  relationship  is  plotted  in  Figure 
5 so  that  a measurement  against  a known  reference  can  be 
converted  graphically  to  the  jC(f)  of  the  unknown.  The  plot 
also  makes  it  convenient  to  notice  the  uncertainty  range  of 
the  result  versus  the  uncertainty  range  of  the  measurement 
(respectively,  5 to  1 for  '•Crhp  = -3  dB)  . 


The  function  plotted  in  Figure  5 can  be  derived  as  follows. 
The  desired  expression  has  the  form; 
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because  (device  under  test)  is  the  desired  result  and 

^REF  ( ) find  -fvipAS  ( measurement  data)  are  the  known 
quantities  and  G represents  the  function  to  be  derived. 

Starting  with  a version  of  equation  (15:  , 

' ( Z 4 . 
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Subtracting  £Rpp;  from  both  sides: 
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It  is  important  to  keep  in  mind  that  a measurement  result 
represents  the  combined  performance  of  the  two  units.  The 
simplest  accurate  rule  to  remember  is  that  the  noise  powers 
contributed  by  the  two  units  add.  There  has  been  a prevalent 
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practice  of  assuniinK  the  two  devices  under  test  to  have 
equal  performance  since  little  if  any  other  information 
existed.  This  rationale  is  used  to  justify  scaling  the 
measurement  result  down  by  3 dB,  then  ascribing  this  perfor- 
mance to  both  units.  Since  no  other  facts  exist  this 
assumption  is  usually  allowed  to  stand  unquestioned. 

Closer  examination  of  the  assumption  can  begin  by  hypoth- 
esicing  a population  of  units  wliose  performances  scatter 
by  +2  dB  and  -2  dB  for  one-sigma  or  standard  deviation 
about  the  mean  for  all  units.  For  any  realistic  distribution 
shape,  it  should  sc'm  highly  unlikely  that  any  two  units 
would  exliibit  equal  performance,  even  within  one  decibel. 

If  the  pi rpose  of  the  measurement  was  to  determine  how  good 
either  ol  tlie  units  might  be,  tlien  the  most  pessimistic  as- 
sumption is  3 dB  below  the  measurement.  However  if  a pur- 
jiose  of  the  measurement  was  to  determine  how  poorly  a unit 
might  perform,  then  the  assumption  of  3 dB  below  the  measure- 
ment is  not  only  the  most  optimistic  but  also  the  least  likely. 

If  an  assumption  must  be  made,  it  may  be  much  more  support- 
able engineering  judgement  to  assume  a "two  source  correction 
factor"  between  one  and  two  decibels  below  the  measurement, 
as  indicated  on  I'igure  6 (a  replot  of  Figure  5).  However 
this  is  not  recommended  practice.  It  is  more  informative 
to  rejiort  the  measurement  with  no  correction. 


CONVFRSION'  OF  DATA  BFTWFFN  TIMH  5 FRF.QUFN’CY  DOMAINS 

The  procedure  for  converting  frequency  domain  data  into 
j time  domain  or  vice  versa  can  be  approached  in  a number  of 

( different  ways,  all  valid.  This  is  mostly  a matter  of 

, peisonal  preference  just  as  any  two  people  may  go  about 

solving  a given  algebraic  equation  with  minor  differences 
but  both  will  agree  on  the  result.  The  object  here  is  to 
present  a sequence  which  carries  a mnemonic  thread  of  logic, 

! possibly  at  the  expense  of  brevity,  by  not  "skipping  steps" 

I or  combining  them. 

I 

( Step  one  is  the  choosing  of  a single  portion  of  the  data  under 

. consideration  which  can  be  represented  by  a straight  line  on 

! a dB-log  frequency  or  log-log  plot.  This  will  be  repeated 

' until  all  portions  of  interest  are  covered.  The  logic  or 

t assumption  applied  to  this  step  is:  "If  this  straight  line 

represented  the  total  fbroad  range)  and  only  performance 
characteristic  of  the  oscillator,  it  can  be  converted  to 
the  other  domain  to  see  what  it  would  look  like  there." 


594 


From  this  logic  follows  the  most  fundamentally  important 
point  to  be  considered  in  interpreting  the  results:  As 

each  portion  of  an  actual  performance  curve  is  approximated 
by  a straight  line  segment,  converted  and  re-plotted,  it 
has  been  handled  by  the  mathematics  as  if  it  were  independent 
of  the  other  segments.  This  places  the  burden  on  the  user 
to  combine  the  segments  into  a new  curve  through  a reasonable 
and  logical  interpretation.  Step  three  will  expand  on  this 
later. 

Next  comes  the  detailed  technique  of  matching  a straight 
line  segment  to  a smoothly  curving  and/or  randomly  scattered 
plot:  A basic  constraint  is  the  fact  that  conversion 

formulas  only  exist  for  particular  slopes,  and  for  only 
five  different  slopes.  In  the  frequency  domain  for  £ff)  in 
decibels,  these  range  from  flat,  white  noise  of  phase  or 
f° , to  f“^,  random  walk  of  frequency,  or  -40  dB  per  decade 
of  frequency,  with  the  intervening  slopes  occuring  with 
integer  steps  of  the  exponent  on  f,  which  correspond  to 
10  dB  steps  pel'  decade.  A ''map"  of  the  slopes  is  shown 
in  Figure  7.  It  is  only  reasonable  to  arbitrarily  choose 
a "convertible"  slope.  Align  parallel  rules,  or  the  edge 
of  a triangle  opposite  a reference  straight  edge,  versus 
the  graduations  on  the  axes  of  the  plot,  to  the  chosen 
slope,  then  slide  it  into  the  region  of  the  data  while 
maintaining  the  slope  constant.  If  a region  of  the  data 
can  be  found  which  seems  asymptotic  to  the  trial  slope, 
that  is  within  three  decibels  over  a decade  of  frequency, 
then  an  accurately  representative  straight  line  segment  has 
probably  been  found. 

Visual  averaging  of  measured  data  exhibiting  scatter  or 
randomness  which  has  been  plotted  on  a logarithmic  scale 
must  be  done  with  special  consideration  of  the  illusionary 
effect  of  the  log  scale.  For  example,  imagine  a linear  plot 
of  data  points  scattered  symmetrically  about  their  true  mean, 
that  is  no  skew  in  their  distribution.  In  this  case  the 
mean  and  the  median  would  very  likely  coincide  quite  closely 
and  could  be  discerned  visually  with  an  accuracy  of  a tiny 
fraction  of  a standard  deviation.  Now  imagine  this  same 
ensemble  of  data  be'ng  replotted  on  a log  scale.  The 
scatter  of  the  values  larger  than  the  mean  will  be  compressed 
by  the  logarithmic  action.  Correspondingly,  the  scatter  of 
the  values  less  than  the  mean  will  be  expanded.  The  net 
effect  is  to  impart  a visual  skew  to  the  distribution  so 
that  if  a mean  is  visually  estimated  on  the  log  plot,  it 
will  be  low  by  a major  fraction  of  a standard  deviation. 


A defense  against  this  misinterpretation  is  found  in  the 
coincidence  of  the  true  mean  and  the  median.  This  is 
accomplished  by  disciplining  the  eye  to  estimate  a line 
through  the  data  points  such  that  half  the  points  lie  on 
each  side  without  regard  to  how  far  away  they  may  be.  The 
importance  of  this  technique  becomes  very  apparent  whenev'^er 
the  total  scatter  of  the  data  approaches  one-half  decade 
where  interpretation  errors  of  301  can  occur. 

Any  straight  line  is  completely  specified  by  its  slope  and 
an  intercept.  The  most  convenient  intercepts  to  use  in 
frequency  stability  analysis  are  one  hertz  and  one  second. 
(Please  do  not  infer  any  general  correspondence  between 
one  hertz  and  one  second  performances.  Experience  shows 
this  to  be  coincidental  at  best.) 

The  completion  of  the  first  step  is  writing  down  the  slope 
and  intercept  of  the  line  through  the  data. 

The  second  step  is  the  choosing  of  the  conversion  formula, 
from  Table  1,  corresponding  to  the  data  domain  (frequency  or 
time)  and  slope,  then  plugging  in  the  intercept  and  "turning 
the  cranT"  to  calculate  the  result.  Each  of  the  conversion 
formulas  contains  both  f and  x variables  raised  to  powers 
appropriate  to  both  cancel  the  slope  of  the  incoming  slope- 
intercept  data  as  well  as  establish  the  slope  of  the  result. 
The  presence  of  these  terms  gives  rise  to  the  convenience 
of  choosing  them  equal  to  unity,  then  converting  only  the 
intercept  point,  while  the  slope  conversion  becomes  obvious 
by  inspection  of  the  exponents  on  f and  i. 

I The  second  step  is  completed  by  writing  down  the  computed 

‘ intercept  value  and  slope  of  the  converted  line.  This  result 

• can  be  assumed  to  specify  a straight  line  on  a log-log  plot 

> in  the  new  dojnain.  In  the  time  domain,  the  slopes  change 

in  stpps  of  T^,  and  range  from  x'^  for  white  noise  of  phase 
to  x'*’^  for  random  walk  of  frequency,  with  one  exception 
I and  an  additional  case. 

' The  exception  appears  when  converting  from  X(f)  of  slope 

1 f ' ' , flicker  of  phase,  to  Oy(x),  which  will  yield  a plot 

« having  a slope  very  near  -0.95.  This  one  case  is  less 

obvious  from  the  form  of  the  equation,  but  being  unique, 
is  easily  remembered  and  recognized.  Also  in  this  case, 
the  simple  slope- intercept  interpretation  of  the  conversion 
result  sacrifices  some  accuracy  and  should  be  avoided 
until  the  user  has  enough  ‘'amiliarity  witn  the  results 
versus  his  application  to  determine  whether  the  error  may 
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be  negligible.  The  preferred  method  is  the  computation  of 
three  values  for  ov(t),  widely  separated  in  x,  over  the  range 
of  interest,  using' the  conversion  formula. 

The  additional  case  is  Oyir)  data  having  slope.  This  does 

not  appear  in  conversion's  from  £ff),  frequency  domain,  but 
may  be  seen  in  actual  oy(x)  data  for  x ^100  seconds  for  quartz 
oscillators.  It  can  be  shown  that  constant  - rate  aging  drift 
of  frequency  results  in  x'*’^  slope  of  ay(x)  . Slowly  changing 
ambient  thermal  effects  can  be  respons'ible  for  x'*'^  slope 
below  100  seconds. 

The  third  step  in  the  conversion  process  is  the  plotting 
of  the  converted  straight  lines  on  log-log  axes  of  the  new 
domain.  Tliis  begins  with  locating  the  intercept  points, 
then  drawing  a line  through  each  point  with  the  correspond- 
ing slope.  This  slope  is  indicated  by  the  exponent  in  the 
conversion  formula  for  the  independent  variable,  the 
horizontal  axis,  frequency  or  time. 

Interpretation  of  the  straight  lines  in  order  to  combine 
them  into  a single  smooth  curve  is  quite  similar  to  Bode 
plot  work.  The  final  curve  is,  at  each  point,  the  sum  of 
the  component  straight  lines.  From  this  follows  the  fact 
that  where  two  lines  intersect,  the  smooth  curve  is  3 dB 
highn  for  £(fj  or  1.414  for  ay(x).  This  is  because  noise 
poweis  add,  and  variances,  also  add. 

Since  the  equations  of  each  of  the  straight  lines  are  the 
results  of  step  two  above,  these  equations  can  be  programmed 
into  a desk  calculator  with  a plotter  and  the  final  result 
curve  fand  a tabulation  of  numerical  results)  can  be 
obtained  directly.  The  relationships  to  be  computed  are: 

T(f)  = £j  + X2  ■ 

For  Xff)  expressed  as  a power  ratio.  To  convert  from 
decibel.s : 

Xffj  . = antilog  ( (28 

' ' power  ratio  \ 10  ) ^ 


And  for  0y (x  J : 


Oy(t) 


+ • • • 


(29. 
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Since  the  slope  of  a group  of  data  points  is  of  similar 
importance  to  their  magnitude,  it  is  helpful  to  standardize 
the  choice  of  scales  for  plotting  data.  This  fosters  visual 
familiarity  which  increases  with  experience.  The  alternative 
is  to  use  a variety  of  scales  for  plotting,  which  presents 
the  eye/brain  with  an  assortment  of  optical  illusions. 

The  recommended  standards  are: 

1.  Plot  oy  vs.  T on  log  log  scales  chosen  so  that  a decade 
of  each  variable  is  the  same  length.  Further,  that  on  both 
axes  linear  subdivisions  within  decades  be  used  and  labeled 
with  their  logarithmic  values. 

2.  Plot  £ vs.  f on  scales  linear  in  dB  for  £ and  log  for  f 
such  that  the  length  of  20  dB  of  £ equals  the  length  of  one 
decade  of  f.  Further,  that  linear  subdivisions  be  used  for 
both  £ and  f,  and  that  the  subdivisions  within  the  decades 
of  f be  labeled  with  their  logarithmic  values. 
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APPENDIX  A 


Effect  of  Sinusoidal  Phase  Modulation  on  Oyfi) 

Short  term  stability  of  frequency  sources  is  usually 
characterized  by  the  square  root  of  Allan  variance,  Oy(T), 
where  y is  fractional  frequency  deviation,  and  t is  the 
averaging  time  or  measurement  interval.  To  measure  an  esti- 
mate of  Oy.(T),  a series  of  M measurements  of  y are  made 
and  entered  into:  7 

^ -TfMTrr  k?,  (?k-i  ■ ^k) 

where  y is  the  average  y over  an  interval  t long. 

The  worst  case  effect  of  sine  wave  frequency  modulation  of 
modulating  frequency  fjj,  will  occur  when  t is  equal  to  ip, 
the  period  of  one  half-cycle  of  f„j,  and  the  measurement 
intervals  are  phased  relative  to  f,„  to  catch  the  maximal 
cxcurs  ions  . 

The  fractional  frequency  deviation  y can  be  stated: 


where  f^  is  the  carrier  frequency. 

Eor  one  half-cycle  of  fj„,  the  average  to  peak  ratio  of  a 
sinusoid  is  2/tt  and  : 

y = Afp  peak 

71  fp 


and  the  next  half-cycle  y result  would  have  the  same 
magnitude  and  opposite  sign. 


.Substituting  into  (A1  ,s  impl  i fy  ing  and  letting  M=2  because 
the  result  is  independent  of  the  number  of  measurements: 


( T p ) 


4-((+ 

ay2fxp) 


Af. 


f. 


(^*^o  peak  V 

^ ) 


peak 


(A4 


001 


f ^ _ x/i  peak  fA5. 

”y<'p’  ■ -5 if 

From  modulation  theory,  the  peak  phase  deviation  or  modula- 
tion index  S is: 

6 . fA6. 

I m 


rcarranij  ing : 


'^^o  peak  ‘ ® ^m 


A bright  line  of  phase  modulation  whose  level  is  specified 
as  the  ratio  between  a single  sideband  and  the  carrier 
as  £pM  (in  the  same  way  as  random  noise)  is  indistinguish- 
able from  FM  and: 


Solving  for  6 with  X expressed  in  decibels: 
6 = antTTog  ffnn  dB/lO) 


Substituting  into  (Ai 


""^o  peak  = ^m  «»tilog  f.fp^,  dB/10) 


(AID. 


Substituting  into  (A5: 


ay(xp) 


^m  j- 


anti  log  (.r,,w  dB/10) 


(A1  1 . 


And  as  was  stated  earlier: 


A more  rigorous  derivation  of  (All.  shows  that  the  general 
case  includes  a term  of  the  form  (sin  n t)/(it  t)  . This 
causes  the  function  to  have  lobes  whose  peaks  fall  off 
as  t'  . Incorporating  a term  and  adjusting  coefficients 

to  agree  with  (All.  gives: 

f . / A.  I 1 in  f t n \ _ - 1 /"AIT 


V'i>'  ■ ^ 
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which,  given  jCpM»  is  a worst  case  predictor  of  a fi).  Con- 
versely, given  Oy.(x),  equation  (A13.  yields  a minimum  value 
for  -CpM.  Solving  for  Xpj^j: 


dB  = 10  log 


(TTrfo  CTy  (t) 


fA14  . 


In  the  case  where  a frequency  source  output  is  displayed 
on  a spectrum  analyzer  so  that  the  upper  and  lower  sidebands 
can  be  examined  separately,  if  they  are  found  to  be  asym- 
metrical, that  is  different  amplitudes  above  versus  below 
the  carrier,  then  this  indicates  that  both  am  and  pm  exist, 
of  comparable  modulation  index,  and  correlated. 
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APPliNDIX  B 


Interrelationships  of  Various  Frequency  Domain  Stability 
Measures 


S,f(f)  raJ^/Hz 

r spectral  density  of  variance  of  phase  fluctuations  per 
hertz  of  bandwidth  at  sideband  frequency  f in 
V(t)  = cos  (Zirf^T  + it) 

= S5^(f)  [used  in  some  publications  1971-1974) 

= 2 £(f) 

power  in  both  upper  and  lower  phase  modulation  sidebands 

^ per  hertz  of  bandwidth  at  sideband  frequency  f 

carrier  power 

[Some  definitions  of  S^(f)  are,  in  effect,  the  above 
ratio  by  virtue  of  their  use  of  a mixer  as  a phase 
detector.  This  definition  holds  only  for  broadband 
Aijpeak  ^ • 1 I'iiJ  i-iin  • ) 


= mean  square  modulation  index 


S(tff)  dB  (re  1 rad^/Hz) 
= 10  log  S^( f) 

= £[f)  dB  + .-S 
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A. 


£( f ) dimensionless  power  ratio 

power  in  phase  modulation  single  sideband 
per  hertz  of  bandwidth  at  sideband  frequency  f 
carrier  power 

(defined  only  for  <0.1  radian) 


Syff) 


B“ 

4 

r(f)  dB,  dBc  (re  carrier) 


= 10  log^(f) 


= S ff)  dB  -3 
4> 
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APPENDIX  C 


Comments  on  Symbology 

There  has  been  some  effort  to  restrict  the  use  of  the  symbol 
f to  mean  only  Fourier  frequency  fin  the  context  of  oscil- 
lator stability,  at  leastj.  It  is  the  author's  view  that 
the  symbol  f is  well  established  as  a quite  general  symbol 
for  frequency  (with  units  of  hertz  strongly  implicit  due  to 
convention).  Accordingly,  any  specialization  o i'  limitation 
of  meaning  will  only  be  accomplished  liy  the  use  of  a sub- 
script or  a different  symbol  entirely.  Any  attempt  to  the 
contrary  flics  in  the  face  of  a universe  of  deeply  ingrained 
con  veil  t i on  . 

One  specific  problem  with  tlic  restriction  of  f to  mean  side- 
band frequency  is  that  fg  could  no  longer  be  used  for  carrier 
frequency  without  confusion.  The  next  alternative  for  a 
carrier  frequency  symbol  would,  by  usage,  be  v.  fhis  is 
very  familiar  and  not  confusing  to  physicists.  However,  the 
major  number  of  people  who  will  be  trying  to  decipher  the 
things  we  are  writing  today  arc  not  physicists,  and  the  con- 
fusion between  j and  v make  its  choice  questionable. 

The  signals  whose  ])hase  instabilities  we  arc  treating  may 
be  modeled  in  voltage  versus  time  as: 

V(  t )=cos  (Cl  . 

The  analysis  of  the  term  versus  frequency  is  often  discussed 
as  I'ourier  frequency.  Tliese  become  the  sideband  frequencies 
when  the  total  spectrum  of  an  actual  signal  is  discussed. 

It  seems  mucti  preferable  to  use  the  specific  term  "sideband 
frequency"  when  that  is  s jiec  i f i ca  1 1 y what  is  being  discussed, 
and  leserve  tlie  use  of  the  term  "I'ourier  freipicncy"  for 
occasions  when  its  implicit  generality  is  intended  to  be  part 
of  the  concept  being  communicated. 

Ihc  use  of  the  term  Fourier  frequency  could  call  to  tlie 
reader's  mind  two  or  three  pictures  (definitions),  only  one 
of  which  is  correct  and  intended  by  the  author  if  he  actually 
means  sidebaiui  fretiuency.  These  are  shown  in  I'igure  Cl. 
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APPENDIX  D 
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Time  Domain  Measurement  Bias  Functions 

Definition:  ay(i)  implies  N=2  and  T=t,  no  dead  time 


Measurement  Time 


r = T/- 


B,  = 


o,.‘-(2.T,x) 

Oy2(T) 


Dead  Time 


Measurement  Time 


Oy(Tl  = 


,T,t) 
B T 


B T ( r , w J 


p,  Slope  of  Allan  Variance,  ay"(T) “ t 
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Figure  2.  5390A  FREQUENCY  STABILITY  ANALYZER 


613 


1 


Single  Sideband  Phase  Noise  Measurement  Worksheet 
Using  a Double-Balanced  Mixer  and  HP  3B80A  or  3S81A 


L port  signal  level  should  be  the  maximum  available,  up  to  the  mixer  specs,  and  must 
remain  constant  for  both  calibrate  and  measure. 


R port  signal  level  must  be  varied  before  calibration  to  verify  mixer  linearity. 
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Hz 
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(-iKurr  Cl.  (rfaphic  (.ompdrison  of  Some  F requenty  Oomain  Moasures, 
Definitions  and  Symbols 


PANEL  C 


Frequency  Stability  and  Its  Interpretation  to  the  Users 

Panel  Members 

Goddard  Space  Flight  Center 
National  Bureau  of  Standards 
University  of  Southern  California 
Smithsonian  Astrophysical  Observatory 
Hewlett-Packard  Company 
U.  S.  Naval  Observatory 
Hatheon  Co. 

Hell  Telephone  Labs 


Aiidrew  Chi 
David  Allen 
William  Lindsey 
Robert  Vessot 
Leonard  Cutler 
Gernot  Winkler 
James  Mullen 
Warren  Smith 


I’ANILC  DISC  USSION 


MR.  ( III:  I am  lidightoil  to  have  a special  panel  discussion  on  Irecpiency  stability  in 
this  PI  1 1 meeting.  I he  reason  for  me  to  consider  this  special  session  is  the  Tact  that  you 
prohahl\  will  ktiow  many  ol  the  faces,  especially  those  who  participated  about  I 2 years 
ago  vs  hen  we  had  a special  symposium  on  short-term  frequency  stability  in  at  Goddard 
Space  I'light  Center. 

It  was  organized  cm  the  basis  that  users  generally  need  stable  frec|uency  sources,  aiul 
do  not  know  how  to  communicate  with  another  group  of  people  whose  specialties  were 
either  to  make  the  stable  fre(]uency  sources  or  to  maintain  the  frequency  sources. 

1 he  communication  was  so  inailequate  that  it  became  obvious  that  there  shouUl  be 
some  kind  of  conference  to  open  up  the  communication  ami  establish  a common  language 
so  that  the  users  can  communicate  with  those  who  actually  make  the  frequency  standards. 
However,  after  a dozen  years  or  so,  the  two  groiqis  could  not  provide  any  kind  of  feeilback. 
It  was  just  like  a phase  lock  loop.  The  time  constant  was  e.xtremely  long. 

It  brings  to  my  mind  that  it  was  almost  as  if  we  were  talking  (ireek  to  each  other 
except  no  one  really  umlerstood  what  we  were  talking  about  aiul  very  few  really  under- 
stood Cireek. 

I hen  after  some  time,  we  thought  we  made  some  jirogress;  enough  for  us  to  com- 
municate with  the  users.  It  appeared  to  me  that  instead  of  talking  in  (ireek.  we  were 
talking  in  riiinese.  Well.  I thought  that  is  very  good:  then  I shall  be  able  to  understand 
them.  However,  it  turned  out  they  did  not  really  converse  in  my  dialect. 

.So  what  I thought  would  be  appropriate  at  this  time  is  not  lo  try  to  impress  any 
particular  group  of  people  of  how  much  we  know  or  what  kimi  of  theory  we  can  use  to 
improve  on  the  past  difliculties  but  to  describe  the  actual  situation.  If  we  try  to  do  this, 
the  panel  tiiscussion  will  be  able  to  establish  a link  of  communication  which  is  the  obiec- 
tive  of  this  panel. 

However,  if  you  look  at  the  faces,  you  will  notice  a few  people  who  are  not  on  the 
stage  absent,  tor  instance,  are  liin  Harnes  and  Davivl  I.eeson  who  were  not  able  to  atteiul 
the  meeting.  In  essence  we  have  essentially  the  original  group  of  the  frevpiency  stability 
subcommittee  of  |hp4. 

Now.  I woulil  like  further  to  bring  out  the  fact  that  in  some  of  the  past  papers  and 
also  111  tlie  publisations,  you  will  see  that  the  .Subcommittee  of  II  I f on  I reipiency 
Stability  was  comprised  to  vlo  certain  things. 

I he  present  chairman  ol  that  ('ommittee  on  l rec|uency  aiul  Time  is  Dr.  Robert 
k'essol,  sitting  next  to  Dr.  Winkler,  and  the  Subconnmiti-e  chairman  on  I'requcncy  Stabil- 
ity is  Warren  Smith,  who  is  to  my  left. 

In  the  tulure,  should  you  have  any  more  questions  with  reganl  to  frev)uency  stability 
and  time,  those  are  the  two  persons  to  whom  you  should  adilress  your  questions  and 
ask  tor  solutions. 

I woulil  like  lurther  to  make  one  more  statement  in  regard  to  frequency  stability. 

I he  point  I would  like  to  say  is  that  when  we  observe  Hie  frequency  variations  or  jiliase 
variations,  we  are  looking  at  the  imperfection  of  a system.  What  we  can  measure  is  the 
miperlection  of  the  behavior  of  an  oscillator. 

What  we  seek  is  not  the  imperfection  of  the  oscillator  but  ways  to  improve  it.  W hat 
we  need  is  the  best  possible  performance  of  the  oscillator  under  the  conditions  that  it  en- 
counters. What  we  want  to  describe  is  how  good  the  oscillator  is. 


It  is  siihjcct  lo  noise  processes.  What  we  require  is  to  understaiul  statistically,  how 
It  he  liases. 

I vsouUl  like  to  first  allow  a lew  (piestions  to  he  raised  on  those  papers  which  were 
presented  this  imsminii.  V\e  did  not  have  time  to  answer  any  questions. 

Are  there  any  spiestions  in  re.eard  to  the  earlier  papers'?  If  so  please  aihlress  your 
question  to  the  author,  identify  the  author  and  tlie  paper  so  that  author  can  answer  the 
questions. 

MK.  CHI:  Are  there  any  more  (|uestions'.’ 

DR.W  ALl.:  I red  Wall. 

I.  too.  had  at  least  a comment  on  Professor  I indsey’s  paper.  I thought  he  was  just 
a iP.ile  bit  unfair  in  describing  us  by  saying  people  who  use  fre(|uency  standards  or  make 
them,  only  describe  them  in  terms  of.  say.  the  pair  variance. 

In  tact,  is  that  the  IN  I rommittees  have  recommended  a nutnber  of  measures, 
including  a spectral  density  of  trequency  or  phase  Huctuations.  .And  these  fully  character- 
i/e  a stamlarvl  method  of  characten/ation.  They  have  all  the  information  there,  b'urther. 
there  is  the  systematic  effects  Dr.  Winkler  described,  quite  clearly. 

1 he  other  thing,  the  reason  one  uses  the  |vair  variance  or  Allan  variance  is  to  coiuiense 
the  ilata  so  one  has  a small  number  of  numbers  to  talk  about  rather  than  10.000  data 
points,  f urthermore,  there  ..re  a number  of  different  regions.  You  might  have  one  that 
describes,  say.  the  shot  noise  process  or  fundamental  noise  process  in  the  frequency  deter- 
mining element. 

Then,  as  one  includes  various  phase  lock  or  frequency  lock  loops,  one  has  other 
regions  which  are  ilescribeil  by  perhaps  a different  power  lock.  So.  typically,  in  a short- 
term. one  has  tau  to  the  minus  I '2  or  tau  to  the  minus  1 then  a flat  region  and  then  some 
long-term  systematic  variations. 

1 don't  think  any  of  us  have  tried  to  say  one  describes  an  oscillator  by  a single  number 
whether  one  picks  an  .Allan  variance  to  describe  it  or  something  else.  I iliink  most  of  us 
use  the  frec|uency  domain  notation  if  he  wants  to  look  at  the  details  of  an  oscill.itor  If 
one  wants  to  know  what  the  phase  spectrum  is  one  looks  at  fre(|iiency  domain,  not  the 
tune  domain. 

DR.  LINDSI-Y : I would  like  to  comment  on  that.  I apologize  if  I was  not  lair  m my 
comments  with  respect  to  the  utility  of  the  power  spectral  density  of  the  frequency  process. 

I well  recognize  that  in  the  Abstract  of  the  or  'h6  special  issue  on  trequency 
stability  this  comment  was  made.  It  was  stated  cither  can  be  used  as  a measure  of  trequency 
stability. 

However,  in  the  circles  that  I travel  and  in  the  papers  that  I re.ul.  no  one  suriuises  me 
with  that  data.  And  in  particular.  I can  (|uote  a couple  or  three  jobs  in  which  I have  been 
concerned  where  we  hail  to  specitically  measure  the  power  sjieetral  density  of  the  process 
m order  to  make  an  assessment  of  performance  ol  the  system. 

What  I would  like  to  say  is  that  I should  like  to  see  more  emphasis  on  supplying  the 
user  with  the  power  spectral  density  ol  the  trequency. 

It  you  give  him  only  the  Allan  variance  measurement,  say  between  the  interv'al  .1 
second  up  lo  1000  seconds  or  whatever,  he  is  given  a curve.  How  does  he  use  this  in  a 
certain  particular  application'' 

It  he  needs  the  power  spectral  density  ot  the  instability,  then  he  has  to  m.ike  a trans- 
formalion  based  upon  the  measurement  and  he  only  has  a linite  number  of  points  so  that 
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iiKMns  extrapolation  ol  tlie  \llan  .ananee  into  ree.ions  where  the  ineaMirements  aren  t 
nuule  aiul  whieh  suhjeet  the  nioilei  'o  error. 

('onsei|uently.  in  that  Iranslormalion.  in  tavt.  lor  the  most  part,  it  has  not  been 
reeoeni/eil  liow  to  translorm  Ironi  the  \llan  variaiKi  to  the  lrei|ueiu  y iloinain.  However, 
in  eases  where  yon  liave  to  seleel  a pertormanee  nieasnie.  wliieli  eonlains  a ileail  /one  on 
the  onier  ot  some  minutes,  an  hour  m eert.im  eases,  you  neeil  power  speetral  ileiisity  m 
onler  to  eet  to  tlie  zero  point.  1 he  Mian  vananee  Joes  not  prmnleyou  with  that  eap.i 
hility. 

So  1 assert  that,  .uiven  the  power  spectral  ileiisily  ol  the  Irequency  I luctuatioiis,  it 
contains  all  the  inlorniatiem  in  accorelaiice  with  the  two  sets  ol  st ructure  luiii  lions  that  I 
liescnheel.  These  two  sets  ol' structure  f'uiutions  cont.nn  L'ener.Jly  the  mlormation  th.it 
the  user  neeils.  These  represent  the  perrorniance  measures  toi  \arious  systems, 

MK.  ( HI:  Dr.  ReinharJt 

DR.  RhI.NH.ARDT.  1 would  like  to  ilis.ijrree  with  you  sironely.  1 he  proMcin  with 
spectral  density  measures  is  that  the  intefrrals  are  not  doable. 

DR.  LINDShY:  Why  aren't  they  doable  ' 

DR.  RHNM.ARD  I I hey  are  doable  numerically , but  in  many  cases  very  dilTicull. 

I he  spectral  density  measurements  treu.u.'ntly  are  very  ilitliciilt  m the  zero  to  thousanilths 
Hertz  ranee.  1 rom  the  Allan  v.iriaiice  charts  I'rom  tlie  spectial  power  l.iw  behavior  you  can 
usually  rel'er  to  charts.  And  the  National  Hureau  ot  .Standards  and  others  have  published 
chart  alter  chart  to  convert  Irom  one  measure  to  another. 

Now.  I think  that  most  rrl  us  will  agree  that  some  lorm  ol  the  Allan  variance  whether 
the  twv).  three  or  lour  sample  variance,  can  be  obt.imed  in  re.il  time.  'You  tan  w rite  them 
in  that  torni  arul  use  the  variance  weighting  tunctions  that  are  calculateil  ami  publishe'l  to 
go  trom  the  two  sample  variance  with  zero  deatl  time  to  sample  variances  w ith  Imite  de.nl 
tune  iT  you  know  the  spectral  process. 

DR  l.I.NDSI  Y:  I guess  may  comment  to  th.it  wouki  be.  1 disagree  with  you  the 
integrals  are  impossible.  It  you  look  m tables  ot  mtegr.ils.  Irei|uently.  y ou  will  not  lliul 
them.  Tor  instance,  the  llicker  Trei|ueiicy  ellect  produces  a divergent  interval  it  you 
extemi  it  over  all  regions. 

Hut  in  my  opinion,  integrations  which  are  not  louiul  in  tables  shoukin  t trighteii  the 
engineer  these  days.  There  are  well  known  tabulations  ol  numerical  techniiiues  w Inch  are 
available  such  asdaussian  (|iiadrature  techniiiues.  These  are  quite  sophisticated. 

However,  lor  experimental  data  generally  engineers  .ire  not  lamiliar  with  them.  But 
we  elo  have  computers  these  days  o|  tremendous  power:  there  is  no  reason  to  be  Irightened 
by  the  Tact  you  iuive  an  integral  you  cannot  invert  or  do  in  closed  lorm. 

You  go  right  to  ihe  machine  and  use  sophisticated  lorms  it  need  be.  1 have  useil  these 
to  get  the  inversion  and  gel  Ihe  number. 

MR.  C HI:  I would  like  toexercise  the  prerogative  ol  being  Ihe  moderator.  .And  what 
I would  like  to  do  is  to  set  a time  limit  on  the  discussion  of  this  papei  to  12:00  o'clock  by 
the  clock  on  the  back  oT  the  wall.  So  that  we  will  keep  that  in  mind  so  that  we  will  be 
able  to  move  in  the  discussion  ol  other  areas. 


MK.  ( Ml:  I woulil  like  to  recopni/e  Hoh  Vessot. 

1)K.  VI'SSOT:  I would  just  like  to  reininil  people  that,  in  I'aet.  values  of  both  the 
Allan  vananee  atid  the  power  spectral  density  either  o(  the  phase  or  freciuency  are  now 
beine  piven  almost  as  a matter  ol  course  by  most  manulacturers  of  equipment  and  that 
both  which  are  complementary  in  a real  sense  pive  the  information  that  I think  is  re(]uired. 

I he  Allan  variance,  in  fact,  does  not  tell  it  all.  We  have  many  amhipuities  at  the  tau 
to  the  minus  I slopes  which  we  can  resolve  either  by  tinkerinp  with  the  baiulwiilth  or 
adjustinp  the  number  of  samples. 

I think  what  Professor  Lindsey  has  said  is  overstateil.  These  transformations,  in  fact, 
are  done.  I here  is  a way  of  poinp  from  the  time  to  the  freiiuency  tiomain  as  Cutler  and 
Searle.  I think,  have  elepantly  pointeil  out. 

And  at  the  risk  of  perhaps  esposinp  my  ignorance,  there  may  have  been  transforms 
ot  this  Ibrm  in  existence  even  betbre  that  time,  but  under  another  name.  .And  I think 
this  t.icl  has  since  been  iilentifieil.  So  I don’t  think  we  are  that  badly  off.  I think  we  are 
Munewhat  enlightened,  but  I think  we  could  stand  a lot  more. 

Die  LINDSLY:  I hope  I haven’t  been  misinterpreted,  maybe  I have. but  I don’t  think 
th.it  I have  claimed  that  anybody  is  off.  I represent  the  user.  Aiul  as  a user  anil  in  the 
circles  that  I travel  over  the  past  two  years,  in  the  work  that  I have  done  and  the  applica- 
tions ot  selecting  an  oscillator,  the  power  spectral  density  has  not  been  supplied  to  me. 

It  has  been  something  we  have  had  to  fight  for. 

I can  give  you  a couple  of  e.xamples  and  how  I got  involved  in  the  subject,  as  a matter 
■'I  t.ict.  It  was  at  I RU'.  I was  doing  a consulting  job  where  we  needed  to  specity  an  oscil- 

l.itor. 

( )iie  ol  the  itrohlems  that  we  had  was  that  we  had.  of  course,  the  Allan  variance.  They 
wi  f.  able  to  make  measurements  of  the  variance.  However,  it  was  not  the  Allan  variance 
I needed  .it  th.it  point  in  time.  I was  not  able  to  transform  it  into  the  frequency  domain. 

It  turns  out  that  this  spurred  [ KW  to  look  into  the  problem  ol  measuring  in  the 
iiequencs’  domain.  As  a matter  of  fact,  I believe  over  the  last  two  years,  they  have  devel- 
' iped  this  technique  to  a certain  extent  in  terms  of  measuring  the  phase  noise  power 
qvi  tr,d  density  ol  the  Irequency  which  we  have  used.  How  accurate  is  it'.’  I can't  make 
.1  statement  with  respect  to  that. 

Hut  I am  also  aware  ol  work  in  which  other  areas  that  I travel  having  to  do  with 
■ omiminu  alion  s\^telns  performance  in  these  cases  the  performance  of  a system  was  not 
.idequ.ilciv  .iihieved  because  of  the  fact  the  jihase  noisi  degraded  the  system  performance 
.md  in  an  unknown  way.  not  m accordance  with  the  Allan  variance. 

Ill  that  context,  the  engineers  required  the  power  spectral  densilv  to  evaluate  perform- 
•iiice.  And  it  was  not  .1  function  explicitly  of  the  Allan  variance. 

DR  Ml  IT  I N;  At  some  times,  it  is  iiuite  hard  lo  find  one  thing  and  much  easier  to 
Imd  the  other.  As  a matter  of  tact,  as  Hob  Vessot  pointed  out,  there  are  some  ambiguities 
with  some  dependences  on  the  Allan  variance.  And  now  that  we  have  got  your  formula 
lot  getting  back  to  the  other  domain,  we  can  get  the  inverse  of  the  table  that  goes  from  the 
Ireipiency  domain  to  the  lime  domain,  allowing  for  the  cutoffs  and  get  the  table  that  goes 
back  the  other  way  with  cutoffs  on  the  Allan  variances.  So  that  will  he  very  handy  when 
we  have  it. 

I hen.  that  may  save  all  ot  us  the  experimental  measurement  problem  if,  in  fact,  we 
have  lound  it  easy  to  gel  the  one  measurement  and  Tind  it  diincull  to  get  the  other.  Hut 
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wlui  usually  luipix'iis,  is  ihal  in  tlic  f irst  three  to  six  months  af  ter  you  pet  the  joh.  you 
hiuipet  everxtlunp.  Aiul  it  you  nuule  a mistake,  you  tind  out  ahoul  it  a eouple  of  years 
later.  And  then  it  is  several  years  hetore  the  system,  any  other  system,  comes  arounil 
again.  .And  then  provided  nobody  has  been  promoted,  then  they  remember  what  they 
did  the  lirst  time.  But  there  is  iletinitely  a problem  in  keeping  everyone  aware  of  the 
best  or  ot' standard  wa>  s to  use  things. 

1 think  there  has  been  an  ongoing  creeping  tendency  to  use  Allan  variances  and 
spectral  ileiisities  of  trerpiency.  Anil  we  have  more  commonality  and  more  understanding 
ot  the  problem  than  we  had  before.  But  there  is  no  doubt  that  we  have  got  a problem  in 
getting  the  user  community  tied  together  with  the  oscillator-producing  community. 

MR.  C HI:  Well,  are  there  any  questions  from  the  audience  on  other  papers'*  I do 
not  see  any  hands.  I herefore,  I would  like  to  start  the  panel  discussion. 

1 would  like  to  start  by  viewing  from  the  u.ser’s  point  of  view  rather  than  by  try  ing 
to  use  the  viewpoint  of  the  peoide  who  actually  work  in  the  frequency  stability  or  fre- 
quency generation  lield.  l et  us  start  from  the  more  tundaniental  level  that,  when  you 
want  to  use  a stable  oscillator,  what  are  the  questions  one  should  raise. 

I would  like  to  list  perhaps  three  questions  out  of  which  I would  like  to  ask  each 
member  who  may  wish  to  comment  to  provide  an  answer  to  any  particular  question  he 
wishes. 

file  first  one  is,  what  is  freipiency  stability  and  how  is  it  characterized, 

Tlie  second  one.  what  is  time  domain  measurement  and  fre(]uency  domain  measure- 
ment. And  under  what  condition  is  each  selected  to  meet  the  user’s  need'.’ 

riie  third  one.  how  should  a user  select  oscillators  from  the  specifications  provided 
by  the  manufacturers'* 

These  are  the  general  type  questions  which  a user  would  have  to  answer  before  he 
can  select  what  particular  oscillators  he  should  buy  and  also  a certain  amount  ot  trade- 
offs. 

1 would  like  to  obtain  answers  or  comments  and  clarifications  addressed  to  these  three 
questions  and  I would  like  to  start  from  l.eii  Cutler  on  my  right  and  then  we  proceed 
around  the  table. 


DR.  Cl'TLTR.  I hese  are  pretty  general  i|uestions.  Andy,  and  they  have  been  asked 
many  times  before.  We  have  come  a long  ways.  I think,  in  getting  answers  to  these  ques- 
tions. I think  there  is  probably  a great  deal  more  distance  for  us  to  go  before  we  will  be 
able  to  answer  them  completely.  In  a way.  that  is  completely  satisfactory  both  from  the 
standpoint  of  scientists  understanding  the  fundamental  processes  that  are  going  on.  the 
design  ot  equipment  and  the  utih/ation  ot  some  of  the  basic  moilels  to  improve  the  de- 
signs ot  equipment.  We  need  to  be  able  to  specily  the  equipment  in  the  terms  ot  users 
and  to  understand  the  specifications  ot  the  equipment  and  how  to  optimize  systems  to 
make  use  of  the  equipment  that  is  being  produced  at  a particular  given  time. 

rile  first  question  that  you  gave  is  “what  is  frequency  stability,”  and  how  is  it  char- 
acterized. Well,  presently,  I think  that  I would  tend  to  agree  with  Dr.  Mullen  that  a great 
deal  of  the  characterization  is  given  in  terms  of  the  Allan  variance. 

riiis  is  a characteristic  which  tends  to  deal  with  the  very  long  times  or  the  very  low 
Irequencies,  because  it  is  very  easy  to  make  such  measurements  in  that  domain.  And 
indeed,  you  can  transibrm  between  the  domains  as  has  been  pointed  out  many  times  and 
as  has  been  very  elegantly  presented  by  I’rotessor  l.indsey. 


II  one  has  a complete  eliaraeteri/.ation  ol  spectral  density  in  terms  of  frequency  or  in 
terms  of  pliasethy  tlie  usual  relationsliip,  wliicli  may  liave  some  matliematieal  problems) 
nevertheless  it  can  be  used  in  all  practical  eases,  and  one  can  get  measures  of  stability  in  the 
time  dotnain  from  the  spectral  density  aiul  vice  versa. 

('icnerally.  but  maybe  not  necessarily,  the  best  way,  most  charaeteri/ation  is  done  lor 
long  times  and  very  low  Ireciueneies  in  terms  of  the  Allan  variance.  I tlon’t  think  very  many 
peopile  would  disagree  with  that. 

Ian  short  tunes,  trecpiency  stability  is  generally  charaeteri/.eil  by  the  phase  spectral 
density  or  1 ( f ) been  commonly  used  in  the  last  lew  years,  which  is  the  single  sideband 
noise  spectral  density  using  the  carrier  power  in  a one  Hertz  band  width. 

1 his  is  a characteri/ation  many  people  h;ive  found  useful  for  very  short-term  stability 
measurements  and  also  measurements  or  equipment  whicli  involve  noise  powers  out  in  the 
sidebands.  Th.it  is  my  answer  to  your  iiuestion  number  one. 

Question  number  two  is  on  time  domain  anil  how  they  relate  lo  the  user. 

1 think  that  is  pretty  well  covered  in  my  answer  to  i|uestion  number  one  so  I won’t 
dwell  any  further  on  it. 

[lie  third  question  is  how  does  the  user  select  an  oscillator  from  the  manufacturer’s 
specification. 

I hat  is  a good  (piestion.  And  if  the  specification  of  an  oscillator  were  absolutely 
coni|ilete  and  all  users  were  well  educated,  the  answer  to  that  question  would  be  they  just 
do  it.  They  go  through  the  necessary  exercises  to  assure  that  an  oscillator  specification  in 
a particular  domain  of  interest  meets  their  system  requirements. 

If  not.  they  look  for  a better  oscillator  or  they  bend  their  system  requirements. 

I think  that  is  about  all  I have  to  say  on  those  three  questions. 

MR.  CHI:  I hank  you. 

David  .Allen. 

DR.  ALLKN;  I would  like  to  respond  to  the  first  question  of  what  is  frequency 
stability  and  how  is  it  characteri/eil  by  saying  th.it  I think  that  we  have  seen  a very  inter- 
esting thing  historically  in  the  wav  it  was  developed. 

In  ‘64,  as  Andy  mentioned,  the  II  IT.  and  NAS, A (ioddard  sponsored  this  Committee 
on  I requency  Stability.  And  it  was  obvious  at  that  time  there  was  a critical  need  in  the 
community  to  be  able  to  communieate  what  is  st.ibihty.  And  there  were  many  interesting 
papers  given  at  that  symposium. 

I he  ll-.M:  Subcommittee  was  formed.  And  out  of  it  came  some  recommendations. 
.And  these  have  been,  I think,  quite  readily  adopted  by  most  of  the  eommunity. 

I he  interesting  thing  that  has  happened,  as  Dr.  Mullen  h.is  indicated,  that  it  has 
provided  a high  level  ol  communication  between  laboratories,  manufacturers,  and  users. 

I enjoyed  very  much  the  paper  of  Professor  I indsey  and  found  il  very  insightful. 

I think,  there  is  still  a need  in  the  field  ol  communications  that  is  not  being  covered, 
and  we  need  to  address  that  need.  .And  I think  this  is  insightful  and  helpful. 

The  thing  that  has  happened  in  developing  time  domain  and  frequency  domain 
measures  is  that  I think  there  have  been  some  errors  committed  that  have  caused  problems. 

l.et  me  talk  about  a few  of  these  when  I talk  about  the  second  question.  Hie  first 
question,  I think,  has  been  already  ,iddressed  by  the  subcommittee  of  which  you  were 
chairman  at  one  time. 

l.ater  with  Dr.  Harnes  as  chairman,  the  committee  put  together  a paper,  actually  two 
papers.  One  is  a NITS  technical  note,  and  later  a publication.  I think  that  the  committee 
many  of  the  members  ol  which  are  here,  did  an  excelleni  job. 
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In  rcpari)  to  the  precautions  one  needs  to  take,  tlie  time  domain  measure  that  is 
typically  used,  the  sijmia  tau  diagram  is  very  powerful  if  you  have  power  law  ecpial 
densities.  'S'ou  can  then  readily  translate  from  the  time  domain  to  the  freciuency  domain 
a?ul  vice  versa.  1 his  happens  to  he  the  happy  situation  of  many  precision  oscillators. 

Hecause  it  is  the  happy  situation,  the  reality  that  moilels  lit  in  practice,  tends  to  make 
it  a ver\'  powerful  tool.  I'his  is  true.  I think,  for  three  basic  reasons.  It  is  very  simple  to 
apply;  it  is  insightful  in  how  you  use  it;  aiul  you  can  understand  in  what  you  are  doing  in 
the  process  of  measuring  frec|uency  stability  in  the  time  tiomain. 

It  has  a sound  theoretical  basis  for  the  power  law  spectra  that  are  applicable.  Anil, 
m fact,  the  subcommittee  with  Dr.  Cutler  really  taking  the  lead,  worked  out  the  transla- 
tions ver\  neatly  from  the  (requency  domain  to  time  domain. 

.So  I think  I would  echo  bred  Wall’s  concern  that  your  presentation  maybe  was  a 
little  unfair  in  saying  we  didn't  try  to  cover  that  ground  in  both  the  frequency  domain 
and  time  domain. 

l et  me  echo  some  concerns.  If  there  is  sideband  structure  in  a spectral  density,  the 
time  ilomain  will  lead  you  to  problems.  And  this  has  been  shown  nicely  by  Mike  l ischer 
in  the  previous  presentation. 

You  get  this  funny  looking  sigma  tau  curve,  and  it  is  much  more  difficult  to  interpret 
that  than  if  you  do  the  analysis  in  the  frequency  domain.  So  really  going  to  your  third 
question  and  the  difficulty  that  the  user  encounters.  1 think  if  one  is  looking  basically 
(and  this  is  a generali/ation  that  may  have  lots  of  Haws,  generali/ations  always  do)  for 
sample  times  longer  than  one  second,  time  domain  measurements  usually  give  you  the 
information  needed. 

It  vou  look  for  times  shorter  than  one  second  or  for  F'ourier  frequencies  greater 
than  one  llert/  the  frequency  dotnain  is  typically  the  best  characterization. 

MK.  CHI;  Would  you  repeat  that  just  to  make  sure  it  got  across? 

DR.  ALLEN:  Okay.  I his  is  a generalization  apjdying  to  precision  oscillators  and 
has  some  definite  flaws  in  it.  hut  typically  for  sample  times  longer  than  one  second  or  for 
l ourier  Irequencies  less  than  one  Hertz,  time  domain  measurements  give  you  the  neces- 
sary iidbrmation.  That  is  typically  because  usually  there  is  no  sideband  structure  there. 

If  you  go  higher  than  one  Hertz  in  Lourier  frequency  or  shorter  than  one  second  in 
sample  time,  very  often  you  llnd  structure  in  the  spectra,  and  the  time  domain  will  be 
very  misleading  or  hard  to  interpret. 

And  you  will  learn  a lot  more  from  the  frequency  domain  analysis  of  the  system 
whether  it  is  phase  of  frequency  spectral  densities.  I lully  agree  with  Dr.  Cutler,  either 
one  gives  you  the  necessary  information. 

•Another  concern  that  1 have  is  a point  that  Hob  Vessot  brought  up  earlier.  And  that 
is  that  we  look  at  low  frequency  phenomena  and  try  to  classify  them  statistically.  I think 
we  can  get  into  troubles  there.  If  we  can  find  the  causal  relationships,  maybe  it  isn’t  the 
statistical  phenomena  we  think  it  is.  However,  given  such  causal  relationships  it  is  much 
better  to  go  and  cure  them,  than  to  try  to  classify  them  and  do  predictions  based  on  them. 

So  in  the  user  sense,  of  course,  if  he  sees  a Dicker  flattening  on  the  sigma  tau  curve, 
he  has  to  live  with  if,  assuming  it  has  some  environmental  disturbances  which  causes  that 
type  of  behavior.  Hut  tor  the  manufacturer,  that  ought  to  be  a real  insight  looking  further 
info  the  heart  of  the  problem.  I think  I have  said  enough. 
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MR.  CHI;  Hoh  Vcssot. 

I hank  you,  Daviil. 

DR.  \'|-.SSOr;  With  reference  to  how  tlie  user  slioukl  select  an  oscillator,  I am 
remiiuleil  of  a joke  about  porcupines’  lovemakinp  and  the  answer  is  “very  carefully” 
hecause  one  has  tt>  be.  1 think,  not  only  wary  of  the  manufacturer’s  intentions  but  really 
aware  of  inir  own  rec]uirements. 

Anil  I think  too  few  people  relate  their  requirements  to  the  property  of  the  oscillator 
and  then  eo  and  sret  the  proper  oscillator.  What  they  do  is  look  at  their  reiiuirements  and 
then  llnd  somebody  who  is  going  to  sell  them  an  oscillator. 

Naturally,  the  urge  to  conduct  a transaction  sometimes  becomes  more  prominent 
than  the  urge  to  satisfy  a need.  I suggest  that  the  buyer  is  really  the  man  who  has  to  do 
his  homework.  Me  has  to  understand  what  the  properties  of  the  oscillator  are  that  he 
needs  in  order  to  accomplish  the  job  he  is  doing  or  wants  to  do. 

I suggest  in  order  to  do  this,  he  makes  models  of  how  his  system  will  work  and 
that  he  applies  measurements  in  the  time  domain  if  that  is  the  way  he  wants  to  use  it, 
if  It  IS  in  the  sense  of  a timing  effort  or  in  the  trequency  domain  if  it  is  in  the  sense  of  a 
spectrally  purity  as  is  so  often  required,  for  instance,  in  long  baseline  interferometr>’. 

I hen  it  he  understands  what  he  wants,  he  can  go  to  the  vendor  and  say,  “I  need  an 
oscillator  with  an  Allan  variance  like  this  and  spectral  behavior  like  that.”  And  they  bet- 
ter look  decently  relatable  through  the  Cutler-Searle  relationship. 

And  1 think  that  is  when  the  process  of  communication  w ill  have  begun  so  that  he 
will  get  what  he  wants.  Personally.  I would  like  to  see  a more  complete  representation 
in  the  fre(|uency  domain  of  the  way  data  are  taken  in  the  fre(|uency  domain. 

You  realize  the  remarkable  completeness  of  the  way  in  whieh  the  time  domain  things 
were  worked  out.  The  papers  that  began  in  l‘U,4  and  even  much  earlier  by  Barnes,  .Allan 
and  others,  were  the  result  of  a very  important  requirement  to  understand  what  clocks 
were  doing  at  the  Bureau  of  Standards. 

And  naturally.  I think  they  were  led  to  making  their  analysis  in  the  time  domain. 

It  led  us  to  have  this  realization  that  what  we  saw  depended  on  things  like  the  number  of 
samples,  the  dead  time,  the  band  width  (although  that  came  a bit  later)  and  the  averaging 
time;  all  these  parameters  have  their  analog  in  the  case  of  a spectral  analyzer, 
j What  comes  to  mind  to  me  is  that  if  you  run  a spectral  analyzer  and  are  out  to  give 

( a spectrum.  I think  you  ought  to  say  what  the  rate  of  the  sweep,  what  is  the  band  width 

( of  the  sweep.  After  all.  that  tells  you  the  resolution  of  what  is  going  to  hap|ien.  and  the 

I duration  of  the  time  segment  th.it  you  actually  performed  this  operation  on. 

< I hese  are  exactly  analogous  to  the  behavior  of  the  time  domain  analysis  we  have 

’ grown  to  understand  as  the  sigma  tau  plots  of  all  these  parameters.  I think  the  spectral 

I domain  is  likely  to  be  more  and  more  import;int  as  the  frequencies  go  higher  and  higher 

I because,  as  Dave  Allen  says,  one  has  a hard  time  doing  a time  domain  representation  of 

a laser  signal. 

I also  would  like  to  point  out  that  the  measurements  that  we  are  considering  in  terms 
of  time  and  frei)uency  domain  are  going  to  be  replicated  in  our  discussion  of  length  meas- 
urements some  day  and  that  I can  see  a whole  new  committee  coming  up  with  the  same 
problems  of  delniition  of  length  in  view  of  the  fact  that  they  would  like  to  relate  it  to 
something  that  is  physically  available. 

In  my  opinion,  the  greatest  precision  now  is  available  in  the  field  of  atomic  standards. 
..  So.  somewhere  along  the  line,  there  is  going  to  be  an  Allan  variance  with  the  determina- 

tion of  an  object’s  length  or  distance. 
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MR.  CHI:  riiank  you. 

Dr.  Winkler. 

DR.WINKLhR;  I wouki  like  to  reatl  lor  the  first  cjiiestion  the  definition  of  fre()ueney 
stahilit>  from  NH.S  leehnieal  Note  679  by  Dave  Allen. 

I reciueney  stability  is  the  ilegree  to  whieh  an  oseillator  signal  produces  the  same  value 
of  lrei|uene\  for  any  interval  throughout  a speeifieil  periotl  of  time. 

Unit  IS  the  definition  degree  out  of  whicli  the  same  frequencies  are  produced.  How 
IS  It  cliaracteri/ed'.’ 

^'ou  cliaracteri/e  ttie  deviations  from  a process  by  tlie  same  way  as  you  characterize 
any  random  process.  W’e  define  randomness. 

W'hat  is  randomness'.’ 

Randomness,  you  have  a random  processor  raiulom  signal.  If  there  is  no  correlation 
between  tlie  disturbance  at  one  moment  and  the  next  one.  this  would  be  pure  randomness. 

.As  you  leave  that  area,  there  is  a completely  continuous  transition  to  complete 
determinus  where  you  have  no  randomness  at  all. 

In  between,  tlien.  you  have  noise  steps  which  are  increasingly  more  internally  cor- 
relateil.  I liat  is  the  whole  secret.  And  we  do  not  have  to  reinvent  tlie  wheel. 

I think  statistics,  the  science  of  liow  to  describe  such  a random  process,  has  been  in 
the  toretront  ot  modern  science  and  technology.  But  what  we  are  debating  here  is,  inso- 
far as  time  series  are  concerned,  an  attempt  to  leinvent  the  wheel.  And  1 don’t  think  it 
is  necessary. 

A correlation  tunction.  and  a spectral  ilensity  function,  are  essential  characteristics 
for  not  completely  random  processes.  In  a completely  random  process,  all  you  liave  to  do 
is  give  the  mean  anil  tlie  variance. 

In  view  ot  that.  I can  only  rep  'at  that  the  only  problem  whicli  we  have  here  is  how  to 
place  that  cut  between  random  description  and  deterministic  description.  That  has  to  be 
somewhere  in  the  middle.  .And  we  can  debate  that. 

And  I can  only  repeal  what  tlie  other  experts  have  already  said.  WTiat  is  time  domain 
and  what  is  Irequency  domain  measurement'.’ 

I inie  domain  measurements  are  obtained  through  sample  time.  You  sample  a quan- 
; tity.  you  generate  a time  series  that  you  do  by  phase  sampling,  or  you  sample  irequeneies 

) by  measuring  Irequeneies  over  a time  interval.  But  that  is  only  a distinction  in  the  nieas- 

< urenient  process. 

You  measure  in  the  frequency  domain  when  you  directly  determine  the  side  band 
power  in  respect  to  the  carrier  freipiency  jiower  either  ot  the  variations  of  phase,  where 
you  establish  a variance  of  the  jiliase  lluctuations,  and  you  investigate  its  behavior  versus 
frequency,  you  can  do  the  same  thing  in  frequency  variations.  But  that  is  a distinction 
which  is  based  upon  the  measurement  process.  .And  it  is  not  identical  to  the  distinction 
which  is  based  on  the  language  in  which  one  states  what  one  has  measured. 

And  here.  I must  most  emphatically  remember  one  should  use  the  same  language  in 
which  one  has  the  requirements.  It  would  make  no  sense  to  insist,  for  instance,  on  a 
spectral  density  specification  if  your  requirements  are  purely  in  longterm  timekeeping. 

You  don’t  learn  very  much  from  that  and  vice  versa.  Miere  is  no  point  in  using  th 
Allan  variance  it  your  requirements  are  in  applications  of  coherent  Doppler  radar,  for 
instance. 

So  the  language  specification  ought  to  be  the  same  in  which  your  requirement  exist. 
And  so  1 come  to  the  last  thing,  how  does  a user  select  eiiuipmenl. 
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Aiiiplity ing  wluit  you  lust  s;iiil.  lioh,  I think  Ibi  ;in  important  project,  for  an  expen- 
sive project,  to  select  anything  just  on  the  basis  of  a piece  of  paper  is  slieer  niaciness.  The 
larger  tlie  project,  the  more  important  it  is  to  set  up  a little  pilot  thing  yourself.  Get  a 
test  bench  somewhere,  speiul  a few  hours,  get  a little  cheap  thing,  anil  play  arounil  with 
It.  I hen  you  will  uiulerstaiul  what  you  neeil. 

•And  we  have  seen  in  most  cases  the  greatest  problem  is  to  bring  the  user  really  to 
iletine  what  he  needs.  I begin  to  use  the  term  “user”  in  the  same  way  as  C'ongress  uses 
the  “taxpayer.” 

This  is  not  accidental,  incidentally,  because  that  is  where  the  money  comes  from. 

Hut  1 cannot  emphasi/e  enough,  that  for  systems  design  and  for  specifications  and 
for  putting  everything  together,  if  you  tr\'  to  save  investment  for  a little  initial  experi- 
mental effort,  the  study  effort  (and  now  I am  talking  about  bench  work)  you  will  pay 
dearly  later  on. 

MK.  t'Hl:  I'hank  you.  Dr.  Winkler. 

Jim  Mullen. 

DR.  MULLEIN:  I would  like  to  speak  to  the  i]uestion  of  how  to  select  oscillators, 
too.  Certainly,  the  first  thing  is  to  decide  what  the  system  needs.  And  in  that  respect, 
some  of  the  consolidated  results  that  Professor  Lindsey  has  shown  to  us  will  be  very  useful. 

I he  fact  of  the  matter  is  there  are  lots  of  oscillators  that  are  needed  and  in  many 
systems  these  turn  out  not  to  be  critical.  Often,  the  budget  isn’t  big  enough  to  do  very 
mucli  really  to  solve  the  problem  of  how  to  do  the  experiment,  which  would  be  much  the 
safer  thing  to  do. 

And  so  somebody  of  junior  level  in  the  program  goes  out  and  buys  the  oscillator. 

And  if  anything  is  wrong,  the  money  is  already  spent.  So  it  is  really  important  to  be  able 
to  try  to  estimate  what  quality  you  have  to  have  oscillator  with  some  kind  of  consolidated 
or  overall  estimate  of  how  much  effect  the  oscillator  performatice  will  have  on  the  system 
and  then  to  be  able  to  interpret  specifications  of  available  oscillators.  T he  question  is 
which  standard  descriptions  are  uset'ul. 

It  often  turns  out  to  be  the  case  that  you  can  find  the  oscillator  that  meets  all  the 
environmental  rei|uirements.  Hut  uni'ortunately,  often  the  measurements  that  have  already 
been  made,  .ire  nunle  in  the  wrong  domain,  and  you  have  to  go  hack  and  forth.  I ither  \ ou 
can  call  u|i  the  oscillator  manufacturer  and  tell  him  you  want  one.  but  want  him  to  meas- 
ure the  who!-  'Iiiiig  all  over  again  in  some  other  way  (in  which  case  he  doesn’t  have  that 
mucli  interest)  or  else  you  have  got  to  be  able  to  convert  it  yourself. 

If  the  oscillator  is  critical  to  the  whole  system,  then  you  generally  get  the  opportunity 
to  do  a decent  job.  Hut  otherwise,  there  is  a fair  amount  of  hard  work  that  has  to  be  done 
without  completely  fundamental  digging  at  the  problem. 

I think  the  standardi/ations  that  we  make  are  not  quite  ca|iable  yet;  hut  not  too  far 
Irom  complete  and  what  we  have  is  going  to  make  the  problem  a lot  easier  in  the  future 
than  It  has  in  the  past. 

MK.  C HI:  I hank  you. 

Warren. 

DR.  SMITH:  Well,  in  the  interest  of  time  and  also  due  reference  to  the  fact  that 
almost  everything  that  can  be  said  in  answer  to  your  questions  has  been  said,  I will  keep 
my  comments  very  brief. 


629 


It  lias  hccn  vcr\-  gratifying  over  the  past  10  years  or  so  to  sec  a great  increase  in  the 
ahility  to  eoniimiiiieate  ahoiit  docks  and  about  oscillators  ami  Ireciuency  standards.  1 
think  things  are  inliiiitely  better  than  they  were  in  lOfd.  Anil  in  that  respect,  I think  we 
have  accomplished  something.  It  has  been  very  interesting  to  see  the  presentation  ol  data 
here  today. 

I was  particularly  interested  in  some  of  the  slides  show  u by  Dr.  W inkler.  I would 
like  to  make  a brief  conini>'nt. 

II  one  takes  the  pathologic  'l  data  presented  for  the  cesium  standard  this  morning  by 
merely  changing  the  time  scale  and,  of  course,  the  freiiiiency  deviation  sctile,  one  sees  a 
perfect  picture  of  a pathological  ipuirt/  crystal  oscillator  with  which  I am  much  more 
familiar,  luning  worked  in  that  area  a great  deal. 

Hut  the  point  of  interest  that  I would  like  to  make  here  and  1 think  will  be  ol  general 
interest,  is  that  we  find  in  quart/  crystals  on  almost  continuous  variation  in  the  magnitude 
ol  this  kind  of  pathological  behavior,  which  is  usually  characleri/ed  in  a plot  of  raw  data 
as  frequency  deviations  with  time  tli.it  are  quasi  cyclic. 

If  you  look  for  any  given  day.  it  looks  almost  like  it  is  sinusoidal  perturbation.  .And 
it  has  been  possible  to  take  those  very  bad  offenders,  open  them  up,  and  physicalK  see 
defects  usually  in  the  Ibrni  of  badly  ailhering  plating  or  small  contaminants,  semiattached 
to  the  surface  of  the  quart/.  I liis  kind  ot  behavior  is  pathological.  The  point  is  well  taken, 
that  when  you  see  this  kind  of  behavior  you  should  be  aware  you’re  not  really  dealing  w ith 
statistics,  you’re  dealing  with  something  that  is  out  of  the  ordinary  and  abnormal,  you 
should  really  back  off  and  think. 

I might  say  one  word  about  your  last  question,  the  selection  of  an  oscillator,  the 
particular  specification.  I have  been  in  the  unique  position  of  being  bitten  on  this  subject 
many  times,  and  I would  only  caution  that  it  has  been  my  e.xperience  that  most  catastro- 
phies  in  this  area  arise  from  a lack  of  knowledge  at  the  beginning  of  a project  as  to  w hat 
the  specifications  aiul  requirements  really  are. 

And  you  usually  find  out  what  you  really  need  in  a system  when  it  is  just  too  late 
to  do  anything  about  it.  And  it  has  little  to  do  with  the  problem  of  communications 
between  user  and  manufacturer.  The  great  dilt'iculty,  partiadarly  in  sophisticated  systems, 
is  of  assessing  the  whole  question  of  requirements  of  your  signal  source  in  clocks  at  the 
beginning. 

MR.  C HI  Yes,  please. 

MR.  TURLINGTON:  Tom  Turlington,  Westinghouse  ITectric  in  Haltimore. 

I have  heard  a lot  about  .Allan  variance  and  spectral  density  measurements  this  miirn- 
ing.  There  is  also  another,  lladamard  variance,  I used  in  the  past  forgetting  in  very  close 
to  the  carrier,  less  than  20,  ,K)  cycles  (all  the  way  into  tenths  of  a cyclel  on  oscillators  that 
have  clean  spectral  densities.  T hat  is,  no  discrete  sidebands. 

I find  that  to  be  a very  useful  technique.  I haven’t  heard  much  about  it  here  today. 

Do  you  care  to  comment’’ 

MR.  GUI:  Anyone  who  would  like  to  comment. 

Dr.  Winkler. 

DR.  WTNKLLR:  You’re  absolutely  correct.  Hut  it  is  particularly  useful  il  you 
operate  at  a time  constants  Ibr  integration  time  where  you  have  a high  power  spectral 
density.  If  that  happens,  you  must  use  filtering.  T he  transfer  function  of  the  Allan 


v;iri;ini.e  is  ver>’  l^roail.  So  you  have  more  Janizers  in  that  aspect  tlian  if  you  use  tlie  Allan 
variance. 

1 consider  these  may  he  variations  ol  one  and  the  same  tiling.  Your  point  is  absolutely 
correct. 

Also.  I think  the  so-called  curvature  variance  may  fiiul  some  useful  applications  be- 
cause it  is  insensitive  to  trei|uency  ilritts.  Aiul  it  is  not  more  difficult  to  compute  than 
the  staiiilard  version. 

I or  a calculator  today,  this  is  not  a problem,  'I'ou’re  absolutely  right,  hut,  of  course, 
we  cannot  go  into  ever\  detail  here. 

I think  the  least  we  couM  do,  ami  I hope  we  have  accomplished  that,  is  to  give  some 
ivlea  ot  the  complexity  ot  the  subject.  And  I can  only  remiiul  you  that  in  orvler  to  really 
go  into  iletails.  you  have  to  get  into  details.  I here  is  no  king’s  way  to  success. 

Ot  course,  there  is  an  enviable  way  how  to  go  round  if  you  have  no  knowleilge 
simply  buy  the  most  expensive.  And  that’s  being  tione  verv  ellectively.  Hut  I don't  think 
It  is  engineering. 

MR.  CHI:  I would  like  to  hear  some  questions  Irom  the  users’  viewpoint  rather  than 
try  ing  to  go  into  the  theory  of  motleling  or  frequency  stability.  Question,  please. 

MR.  KAHAN:  Kalian,  IlH  . 

I his  will  be  semi-user  point  of  view.  I am  still  worrieil  about  ot  characterizing 
oscillators.  Assuming  I have  a trunsicnt,  for  e.xample.  a “Burster”  variation  and  gather 
transient  recovery  ami  Ireciuency  as  a function  of  real  lime,  is  there  any  way  to  present 
this  ilata  aside  Ironi  reams  aiivl  reams  ol  data  as  a function  of  time  in  terms  of  a few 
parameters  in  a time  domain  or  freiiuency  domain’’  Or  does  it  make  any  sense  to  char- 
acterize a transient  response  by  .Allan  variance  or  whatever  you  want  to  call  it  in  that 
sense'.’ 

MR.  CHI:  David. 

DR.  ALLbN;  As  a part  of  the  work  of  ( ( IR.  right  now  , the\  .ire  try  ing  to  talk  about 
iiuestions  of  that  nature.  And  1 think  that  a point  Harry  Peters  made  and  has  been  alluded 
to  by  Dr.  Winkler  at  this  conlerence  is  an  exceedingly  important  one  here. 

I hat  is.  when  you  have  nonstatistical  phenomena,  you  should  characterize  that  as  a 
coelficient  lunction.  So  much  Irequency  change  with  certain  radiations.  So  much  fre- 
c|uency  change  per  degree  C in  a certain  range,  that  you  should  e.stablish  these  coefficients 
that  you  might  model  these  ileterministic  phenomena  rather  than  trying  to  do  it  statis- 
tically. 

I think  it  woukl  be  a mistake  to  use  thv  Allan  variance  in  such  situations. 

DR.  C iriLl  R:  I would  certainly  agree  with  that.  What  I would  think  woukl  best  do 
lor  that  sort  of  thing  woukl  be  to  try  ami  inoilel  it.  In  other  worils.  you  woukl  assume 
that  you  have  a ideal  oscillator  and  this  ivle.il  oscillator  under  the  burst  of  radiation  under- 
goes a rapid  frequency  change. 

Fhen  it  may  decay  with  an  exponential  or  some  other  law  to  some  other  new  fre- 
(luency.  And  if  these  things  were  completely  characterized  in  a ileterministic  sense,  then 
you  woukl  put  back  the  other  things,  the  random  vari.itions  and  so  forth.  .And  indeed, 
some  of  those  random  variations  may  be  modulated  by  this  transient  effect. 
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Those  moiliilations  can  aj:ain  he  a deterministic  tilings  tliat  are  applied  to  the  random 
characteristics  that  are  associated  with  tlie  oscillator  under  normal  comlitions. 

MR.  ( MI  Dr.  Winkler. 

DR  WINKLIR:  III  ave  not  gone  into  the  details,  hut  you  w'ill  find  them  in  my  paper. 
There  are  three  classes  of  lunctions  w'hich  one  can  just  empirically  apply  to  moileling. 

.\nd.  according  to  which  one  you  select,  they  hehave  dilTerently. 

1 he  three  classes  are,  nimiher  one,  polynomials  oT  degree  N that  we  discussetl  this 
morning.  Nuniher  two.  Tourier  series.  II  you  have  any  periodic  phenomena,  the  F ourier 
series,  ol  course,  is  the  thing  to  use.  Nuniher  three,  exponential  functions.  Dr.  Cutler 
mentioned  that.  In  general,  it  would  he  a sum  of  exponentials.  IT  you  have  several  dil- 
terent  phenomena  interacting  over  time  contents,  you  could  end  up  with  a sum  ot  expo- 
nentials. All  these  transTorni  int^'  another  function  of  the  same  kind  under  a transformation 
when  you  shilt  the  time  axis,  hut  only  the  first  one.  the  polynomials,  have  the  additional 
propertv  that  they  will  remain  polynomials  il  you  transform  time  with  a different  scale. 

So  these  are  iletails  w hich  are  completely  covered  in  hooks  like  Digital  .Analysis. 

I here  is  an  excellent  hook  hy  Hamming.  I‘th2,  which  has  an  excellent  discussion  on  that. 

Itut  here,  again,  you  have  two  things  to  consider.  You  consider  the  hlack  hox  ap- 
proach where  you  Just  phenomenologically  ilescrihe  w hat  you  see,  hut  you  must  rememher 
that  many  of  these  are  parameter-dependent.  So  one  really  has  to  consider  whatever 
function  one  uses  as  a lunction  of  the  excitation,  ratliation.  temperature  variations,  ami 
what  have  you.  I hen  you  end  up  in  the  simplest  situation  with  coefficients  which  you 
have  determined  previously  temperature  coelficients  or  magnetic  field  coefficient. 

VMC(  HI:  One  more  question  irenn  the  audience. 

I oni  I lealy. 

MR  MTAl.Y:  There  is  I think  a larger  nuniher  ol  semi  precision  oscillators  in  the 
world  rather  than  clocks.  Anil  there  is  a hig  market  lor  them. 

Dsually.  the  user,  when  he  is  facert  with  an  Allan  variance  or  so  forth,  it  can’t  really 
transform  these  info  its  system.  He  knows  what  his  system  requirements  are.  Tlsually.  in 
I many  systems,  communications  anil  radar  and  so  Ibrth,  the  scrijrt  I of  T is  a much  more 

‘ suitahle  description  of  an  oscillator  for  the  user. 

' And  the  other  fact,  is  tied  in  with  his  environment.  Dsually,  when  there  are  thou- 

sands of  oscillators  we  are  talking  ahout  systems  where  the  environment  isn't  as  nice  and 
henign  as  in  the  Naval  Observatory  l.ahoratory.  l emperature,  vibration,  shock,  all  these 
causal  phenomena,  are  very  important.  So  his  linear  coeftlcient  should  be  specified.  And 
there  should  be  some  specilication  ol  the  spectral  density  of  fre(]uency  for  offsets  greater 
than  one  Hertz.  And  the  thing  is  whether  it  should  be  S0 , .Si^i  or  1 ( f),  that  is  a question. 

Most  people  I have  dealt  with,  are  system  designers  who  can  more  easily  determine 
the  script  I.  ol  I because  Ihey  have  to  convert  all  these  other  things  in  order  to  be  able 
to  incorporate  the  data  into  their  system. 

Another  thing  I would  like  to  point  out  is  the  Hadamard  variance  isn't  a cure-all  of 
evils  anyway  because  the  function  does  have  side  lobes.  And  it  can  land  right  in  a bright 
line  and  louse  up  the  observation.  .So  you  have  to  be  very  eareful. 

MR.  ( Ml  In  the  remaining  few  minutes  which  we  have.  I propose  to  assume  that  the 
user  now  has  his  oscillator,  W hile  he  has  it,  presumably,  he  can  separate  all  the  systematic 
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errors  out  and  find  the  pertormanee  ol  the  speeitieation  or  whatever  inrormation  he 
obtained. 

1 he  (.]uestion  tluit  should  he  raised,  in  my  view,  is  Itow  nuieh  contidenee  lie  should 
have  in  the  oseillati)i  pert'ornianee.  Now.  if  he  wishes  to  make  tests,  shoidd  he  com- 
pletely reilo  the  speeitieation  test  i)r  shoukl  he  make  nominal  tests. 

And  then,  once  he  has  estahlisheil  a certain  amount  ol  eoniklenee  in  the  oscillator 
which  he  owns,  the  prohlem  is  that  w hen  he  uses  it.  it  will  he  in  the  real  worlil  of  system- 
atic variations  which  consists  ol  transient  lor  voltages,  temperature. 

( an  he  actually  predict  the  perrormance  such  that  he  can  make  sure  that  the  t're- 
c|uency  which  he  obtains  will  tall  within  the  hand  which  he  is  alloweil  to  stay?  In  most 
activities,  this  is  a real  world  situation. 

1 will  not  go  through  every  panel  member  to  answer  all  these  questions,  hut  whoever 
wishes  to  answer  any  oi  all  or  one  c)uestion.  please  raise  your  hand.  Anil  we  will  use  some 
ol  Ihe  lunch  hour,  il  we  ma\'.  lor  about  10  minutes  or  so.  We  will  terminate  the  panel 
iliscussion  at  1 (K)  o’clock. 

I )r.  W inkier. 

DR.  VMNK.LI  R;  ( onlidence  in  your  data.  That  is  the  reason  why  one  must  give  the 
number  ol  measuremenis  or  one  tnusi  give  the  conlulence  interval.  Remember  the  sliile 
I showed  on  the  probability  distribution  I'unction'’ 

There  were  two  lines.  These  were  the  05  percent  confiilence.  That  is  a phenome- 
nological side.  When  it  comes  how  muclt  conVidence  can  you  place  in  an  actual  applica- 
tion. you  must  derive  that  Trom  the  range  ol  environmental  conditivins  and  environmental 
sensitivities  which  you  expect.  I h.it’s  all. 

MR.  ( Ml  W arren. 

DR  SMITH  Just  a short  statement.  It  seems  to  me  that  we  have  spent  most  ot'our 
time  here  talking  about  the  dilTiculties  in  assessing  the  ramlom  behavior  of  signal  sources. 
In  the  real  worlil,  ! agree  w ith  Mr.  1 lealy,  that  the  problems  are  primarily  those  oT  the 
causal  or  deterministic  elTects. 

lemperature  coeTTicients.  voltage  coeH'icients,  shock  and  vibration,  all  the  rest  of  it, 
are  the  things  that  make  real  world  specifications  extremely  diTTicult  and  w hich  all  of  you 
and  all  users  need  to  keep  well  in  mind.  These  are  Ihe  things  that  one  really  has  to  be 
careful  m lying  down  lor  any  particular  application. 

The  discussion  of  random  variables  is  much  more  interesting  and  can  be  treated  m 
much  greater  viepth.  And  m particular,  as  it  applies  to  precision  sources  and  clocks  and 
timekeeping  it  is  probably  the  fundamental  one. 

Hut  m the  field  ol  communicalions.  anil  Ihe  things  that  go  in  the  Held.  I would 
caution  you  that  the  toughest  thing  to  do  is  meet  your  deterministic  and  causal  specifica- 
tion. 


MR.  ( Ill  len. 

DR  ( IJ I LI  R.  I agree.  Yes,  1 agree.  And  I would  like  to  add  one  other  note  of 
caution. 

Very  olten,  one  must  be  concerned  with  rates  ol  change  ol  lem|U“rature.  duralions 
of  shock,  and  things  like  this.  Very  often,  these  things  are  extremely  difficult  to  specily 
or  put  limits  on. 


I caution  the  users  o*  such  situations;  that  in  many  cases,  they  tnay  Itave  to  make 
their  own  very  specilic  te  I'r  recjuest  the  manulacturers  to  make  very  s|iecif'ic  tests 
mvolvine  rates  ol  clian.ee  ol  tltinyis. 

MK.  C'HI:  Anyone  else'.’  Anyhoily  in  the  ainlience  who  may  want  to  make  any 
comment’ 

l)K.  kl.l  PC/YNSKI:  I would  like  to  ask  any  member  ol  the  panel  if  they  teel  that 
development  ot  crystal  oscillators  is  lar  behind  in  terms  of  its  ability  to  function  in  a 
deterministic  way.  i.e..  m an  environment  that  is  somewhat  hostile.  And  compare  that 
with  the  development  ol  the  oscillator  in  terms  of  low  noise  levels. 

In  other  words,  has  the  crystal  oscillator  been  developeil  to  a degree  that  is  much, 
much  belter  in  terms  ot  its  noise  tloors  and  various  other  noise  properties  in  proportion 
to  Its  performance  in  an  environment  ’ 

MK  cm  Warren  Smith. 

DR  SMI  IN  I will  make  a briel  statement  on  that  point.  Crystal  oscillators  have 
been  arouiul  a long  time.  A lot  of  work  has  been  done  to  achieve  low  noise  floors.  I he 
name  of  that  game  as  m any  other  game  that  we  talk  about  is  power. 

I he  higher  the  power  that  you  can  dissipate  in  the  crystal  unit,  the  better  the 
signal  to  noise  that  I can  ctmie  up  with.  Unfortunately . <|uart/  cry  stals  are  still  the  same. 
The  other  performance  lactors  degrade  as  you  increase  the  pow'er  level  in  the  crystal.  So 
you're  back  to  the  same  traile-ofis. 

I would  say  there  has  prob.ibly  been  some  improvement  over  the  years.  I don't  know 
ol  any  1 personally  have  not  been  m contact  with  any  great  breakthroughs.  However,  the 
crystal  oscillat‘'rs  are  still  very  widely  useil.  especially  in  the  communications  of  radar- 
ty  |ie  ol  apphcaiion. 

MK  ( HI  Daviil 

l)K.  .XLl.I  N;  I would  like  to  adil  to  those  comments.  We  have  one  of  our  people 
from  NBS  here  who  is  involved  with  crystal  studies  that  we  are  iloing.  I see  this  as  ,m 
extremely  exciting  fielil  right  now  even  though  crystals  have  been  around  for  a long  time. 

We  see  already  some  breakthroughs  that  have  occurred  with  some  commercial  pro- 
ducts. And  111  fact,  some  of  Ihe  work  we  are  doing  is  directed  toward  some  signillcant 
breakthroughs,  both  as  to  environmental  insensitivity  aiul  low  noise. 

lust  to  throw  out  some  numbers,  we  have  hope  that  even  in  long  term,  one  might 
have  a crystal  oscillator  that  would  exceed  in  performance  the  stability  of  rubidium  in 
ati'tnic  ilevices.  Whether  that  is  true  in  a harsh  environment  is  another  thing.  Those  are 
separate  problems. 

MK  CHI  I auren  Kueger. 

MK.  KlJITiPK.  I woulil  like  to  come  a little  to  the  defense  of  the  system  engineers 
who  overilesign  their  oscillators  in  systems.  Part  of  that  is  because  we  find  these  heauti- 
liil  characteristics  you  get  when  you  deliver  the  oscillator,  but  what  do  you  have  one, 
three,  five.  It)  years  later  if  you  put  it  in  a place  where  you  can't  get  to  it  like  in  orbit .’ 


A little  extra  margin  is  a pretty  important  factor  in  tlie  system.  It  has  been  our 
practice  in  general  to  try  to  design  or  ask  tor  specifications  far  enough  over  the  margins 
needed  so  that  as  time  goes  on  and  you  get  radiation  from  the  natural  effects,  for  ex- 
ample. reduce  the  gain  of  the  transistors  or  it  may  cai:se  some  other  drift  or  other  aging 
charaeteristics.  you’re  still  in  business. 

So  I woulil  like  to  defend  in  the  design  initially,  you  wouki  like  to  ovenlesign  so  that 
you  will  retain  all  these  margins. 

MR.  ( Ml;  Dr.  Winkler. 

DR  VVINKLF.R:  1 eannot  agree  more  with  you.  \1y  comment  should  not  he  mis- 
understood. I think  there  is  a very  important  difference  betw'een  specifying  something 
out  of  ignorance  versus  application  of  a conserv'ative  safety  margin. 

I wouki  be  on  the  side  of  the  conservative  approach. 

MR.  CHI:  You  have  a question? 

MR.  BRLSMON;  John  Breshon,  University  of  Mary  land. 

I was  concerned  about  your  statement  about  crystals.  And  are  there  --ome  other 
types  of  crystals?  Are  (juart/  crystals  considered  for  these  clocks? 

DR.  .ALLh.N  . I think  some  of  the  very  fine  work  that  is  being  done  in  new  cry  ctals 
is  being  done  outside  of  this  country  even,  and  it  is  still  quart?  crystal  as  far  as  I '.now. 

DR  VI  SSOI:  I am  not  in  the  quart/  crystal  game,  but  I have  heard  of  sapphire 
crystals  ot  considerable  si/e  that  have  enormously  high  (J  from  the  mechanical  point  of 
view.  tar.  tar  higher  than  we  would  expect  from  quartz.  They  have  the  difficulty  that 
they  require  a somewhat  more  eloquent  approach  in  order  to  communicate  with  some 
electrical  circuit. 

tiowever.  I.  too.  wonder  whether  or  not  there  isn’t  some  opportunity  to  look  for 
better  niei.lianical  oscillators.  I he  sapphire  crystals  1 know  of  are  made  in  Salem.  Mass. 

Dr  1 reil  Schmiitt  ol  Crystal  Systems.  Inc.,  makes  single  crystals  that  are  of  the  size  of  a 
basketball.  It  is  really  extraordinary,  fliese  crystals  are  being  used  by  Prof  D.  Drniglass 
ol  Rochester  University  for  gravity  wave  detectors.  I expect  we  will  be  hearing  more 
about  these  in  the  future. 

MR  (Ml  Dr.  Winkler. 

DR.  VM.NKl.l  R:  I believe  land  I am  really  speaking  with  very  little  detlnite  knowledge 
about  this)  that  vither  than  quartz  is  a very  uniiiue  niaierial.  And  it  is  my  feeling  that  it  will 
be  lianl  to  timl  something  much  better  to  make  further  improvements  in  the  quartz  crystals 
which  are  uiuler  ileveloinnenl  right  now.  fhis  will  likely  have  to  do  with  improvements  in 
the  circuitry,  and  so  on.  fliere  are.  h(.>wever,  two  further  aspects.  One.  hither  one  coukl 
put  the  (luartz  back  into  the  cryogenic  environment  (which  was  done  at  NB.S  20  or  25 
years  ago  the  lirst  time)  and  ininieiliately  one  gel  much  better  mechanical  performance, 
or  we  could  uniNuler  the  super  coiuluctive  cavity  again  (which  is  also  an  oscillator  which 
IS  not  based  on  the  quartz  resonator,  but  nevertheless  baseil  on  mechanical  stability),  or 
one  coukl  retei  to  the  NBS  lievelopmenl  ol  ammonia;  a relatively  inexpensive  ammonia- 
.iinliolled  ON(.il|ator  w hich  I think  is  a very  interesting  develo|mieiil. 
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So  there  are  a variety  of  things  cooking  at  the  moment.  And  I think  wliat  one  hets 
on  will  depend  to  a great  degree  on  what  one  has  available.  If  one  can  tolerate  a cryogenic 
complication.  I think  that  may  he  something  to  look  forward  to. 

MK.  C'MI;  Unless  you  really  want  to  look  at  some  earlier  activities  in  this  area,  there 
IS  a book  hy  Warren  Mason  who  was  formerly  with  Bell  I'eleplH^ne  Lab,  presently  at 
Columbia  University.  I think  called  Sonics  and  Ultrasonics.  You  will  see  a whole  list  of 
materials  which  were  examined  as  possible  material  in  this  field. 

I woulil  like  to  use  the  remaining  minute  to  express,  in  behalf  of  the  Ilxecutive 
Committee,  my  thanks  to  all  the  authors  for  this  session  who  have  given  such  excellent 
papers  and  the  members  of  the  panel. 
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ABSTRACT 

NTS-2  is  being  built  by  the  Naval  Research 
Laboratory.  It  is  scheduled  for  launch  in 
mid  1977  and  will  be  a part  of  the  demon- 
stration phase  of  the  NAVSTAR  Global  Position- 
ing Program  (GPS) . NTS-2  and  Air  Force 
Navigational  Development  Satellites  will  form 
a six  satellite  demonstration  system  which  will 
permit  a thorough  evaluation  of  GPS. 


NTS-2  will  have  two  cesium  beam  frequency 
standards  and  will  be  the  first  satellite 
application  for  this  type  of  atomic  standard. 
Utilizing  experience  gained  from  the  success- 
ful launch  of  rubidium  frequency  standards  on 
NTS-1  in  1974  NRL  has  defined  operating 
specifications  for  atomic  standards  in  the 
space  environment. 


Flight  standards  are  being  delivered  to  NRL 
for  testing.  Each  unit  was  subjected  to 
environmental  and  stability  testing  at  NRL. 

The  temperature  qualification  range  is 
-10°C  to  + 50  C in  vacuum.  The  standards 
are  required  to  pass  random  vibration.  Phase 
noise  and  short  term  stability  tests  have  also 
been  performed. 

Additional  equipment  has  been  designed  and 
constructed  to  synthesize  the  10.23  MHz  signal 
required  to  drive  the  GPS  navigation  system 
electronics.  In  order  to  compensate  for  the 
relativistic  effects  a device  was  developed 
to  offset  the  frequency  of  the  cesium  standard. 

INTRODUCTION 


NTS-2  (Navigation  Technology  Satellite  2),  Figure  1 
being  prepared  for  launch  by  the  Naval  Research  Lab 
Navstar  Global  Positioning  System  (GPS).  NTS-2  and 
Navigational  Development  Satellites  (NDS)  which  are 
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constructed  for  the  Air  Force  will  form  a six  satellite 
constellation  for  the  demonstration  Phase  of  GPS^^^.  NTS-2 
builds  upon  the  technology  developed  with  NTS-1  which 
contained  two  rubidium  frequency  standards^  ' ^ . IVo 

cesium  beam  frequency  standards  were  designed  and  con- 
structed under  contract  for  NRL  by  Frequency  and  Time 
Systems,  Inc.  These  standards  are  designed  to  deliver 
reliable  performance  in  the  satellite  environment  and 
survive  the  rigors  of  launch.  NRL  has  performed  extensive 
testing  in  both  the  laboratory  environment  and  the  varied 
environments  which  could  possibly  be  encountered  in  launch 
and  on  orbit. 


In  addition  to  the  frequency  standard  it  was  necessary  to 
develop  additional  hardware  to  interface  it  to  the 
satellite  telemetry  control  system,  the  Orbit  Determination 
and  Tracking  System  (ODATS)  and  the  GPS  navigation  system. 

These  devices  include  a direct  synthesizer  to  generate 
10.23  MHz  for  the  GPS  system,  the  relativistic  synthesizer 
which  creates  frequency  offsets  to  compensate  for  the 
effects  predicted  by  general  relativity  and  a command 
interface  which  translates  signals  from  the  satellite 
telemetry  systems  into  usable  control  signals  for  the 
frequency  standards  and  synthesizers. 

CESIUM  BEAM  FREQUENCY  S'lANDARD  DEVELOPMENT 

The  NTS-2  cesium  standards  were  specified  to  provide  the 
long  term  frequency  accuracy  and  stability  of  existing 
commercial  clocks  and  to  survive  and  operate  in  the 
environment  of  an  orbiting  spacecraft.  At  the  time  the 
idea  of  using  a cesium  standard  in  space  was  first  under 
serious  consideration  there  was  considerable  speculation 
in  the  time  and  frequency  community  about  whether  or  not  a 
beam  tube  with  it's  precision  mechanical  alignments  could 
be  made  sturdy  enough  to  withstand  a launch  environment  in 
the  20  to  30  grms  range.  Accordingly,  the  earliest  efforts 
in  the  program  were  directed  primarily  towards  the  goal  of 
vibration  qualification.  Under  NRL  contract  Frequency  and 
Time  Systems  embarked  upon  a program  to  produce  a vibration 
qualified  version  of  their  FTS-1  beam  tube.  During  1974 
tubes  were  built  by  FTS  and  tested  at  NRL  to  identify  and 
correct  vibration  sensitive  areas  of  the  tube.  On  March  1, 
1975,  a tube  passed  23  grms  random  vibration  in  three  axes 
with  no  significant  failures  observable  in  limited  per- 
formance testing  at  NRL.  That  tube  was  returned  to  FTS  for 
analysis  and  was  found  to  be  operating  nominally.  Figure  2 
lists  the  pre  and  post  vibration  performance.  Work  on  the 
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electronics  which  was  under  way  at  FTS  continued  toward  the 
goal  of  clock  operation  with  the  qualified  beam  tube  with 
interface  for  remote  monitoring  dnd  command  control  through 
the  satellite  telemetry.  A brassboard  model  of  the 
proposed  flight  frequency  standard  was  constructed  at  FTS 
and  delivered  to  NRL  for  testing  in  the  spring  of  1975. 
While  the  brassboard  was  not  mechanically  designed  for 
flight  vibration  tests  it  was  in  all  other  respects 
designed  to  meet  flight  specifications.  It  was  tested  at 
NRL  to  measure  it's  short  term  stability,  phase  noise, 
electrical  characteristics,  and  environmental  performance. 
The  period  of  testing  ran  through  the  summer  of  1975  and 
resulted  in  several  improvements  in  the  basic  design.  A 
summary  of  the  brassboard 's  performance  is  shown  in  Figure 
3.  As  reflected  in  the  data  the  stability  of  the  standard 
appeared  to  have  a flicker  floor  of  about  5x10  Since 

this  was  above  the  contract  specification  of  2xlO“13  the 
matter  was  investigated  by  FTS  and  improvements  resulted 
which  have  ultimately  reduced  the  flicker  floor  for  the 
brassboard  to  about  1x10  Long  term  frequency  drift 

over  a period  of  seventy  days  was  curve  fit  by  computer  to 
be  less  than  2xl0~^^/day.  The  changes  made  to  the  brass- 
board  design  were  incorporated  into  the  units  built  for 
NTS-2.  These  units  are  designated  as  prototypes.  Four 
units  have  been  built  and  delivered.  Of  these,  one  unit 
(serial  number  4)  was  used  as  a qualification  unit  and  vus 
subjected  to  qualification  levels  of  environmental  test:  .ic. 
Units  numbered  3 & 5 have  been  designated  as  flight  units 
for  NTS-2  and  the  remaining  standard  (Number  2)  is  the 
backup  unit.  Figures  4 and  5 show  one  of  the  prototypes. 


THEORV  OF  OPERATION 

The  basic  operating  principle  of  the  cesium  standard  is 
similar  to  most  other  cesium  clocks^.  The  user’s  output 
signal  (5.000  MHz)  is  obtained  from  a high-quality  voltage- 
controlled  quartz  crystal  oscillator,  and  the  frequency  of 
this  oscillator  is  regulated  by  comparison  with  the  cesium 
hyperfine  transition.  The  accuracy  and  long-term  stability 
of  the  output  frequency  are  determined  by  the  cesium  tube, 
while  the  short-term  stability  (outside  the  bandwidth  of 
the  frequency-control  servo  loop)  is  obtained  from  the 
quartz  "fl'/wheel"  oscillator  (figure  6). 

The  cesium  beam  tube  utilized  is  a standard  FTS-1  tube 
modified  to  survive  the  mechanical  shock  and  vibration 
environment  of  the  satellite  launch.  The  width  of  the 
cesium  resonance  in  this  tube  is  approximately  500  Hz  at  a 


039 


center  frequency  of  9192  MHz.  In  the  servo  system,  square- 
wave  phase  modulation  is  used.  The  modulation  frequency  is 
chosen  approximately  equal  to  the  resonance  line  width, 
where  the  second  harmonic  signal  is  theoretically  zero,  and 
the  amplifier  gain  and  filtering  requirements  are  therefore 
set  only  by  noise  considerations.  All  of  the  usual  tuned, 
narrow-band,  audio  filter  circuits  have  been  eliminated  or 
replaced  by  commutating  filters.  Thus,  the  servo  system 
has  been  made  relatively  insensitive  to  drift  and  gain 
variations;  all  essential  circuit  functions  are  synchronous. 
Another  important  and  unusual  feature  of  the  servo  loop  is 
the  integrator  in  the  error  signal  path.  The  time  constant 
of  this  integrator  helps  determine  the  overall  bandwidth  of 
the  servo  system,  and  hence  the  crossover  between  short- 
term crystal  stability  and  long-term  cesium  control.  Both 
the  long  time  constant  and  low  leakage  requirements  are 
satisfied  in  the  system  through  the  use  of  a hybrid  analog/ 
digital  integrator  circuit.  The  principle  of  this  hybrid 
approach  is  shown  in  Figure  7.  The  analog  integrator  has 
a relatively  short  time  constant  (0.033  sec.  in  the  unit) 
so  that  leakage  effects  are  unimportant.  The  effective 
integration  time  constant  of  the  hybrid  circuit,  however, 
is  this  value  multiplied  by  the  maximum  digital  count 
(4096)  or  140  seconds.  The  overall  servo  loop  time 
constant  under  these  conditions  is  10  sec.  The  hybrid 
integrator  circuit  also  offers  a convenient  interface  for 
direct  digital  control  of  the  quartz  oscillator,  when  the 
cesium  loop  is  inactivated. 

The  5 MHz  crystal  oscillator  used  in  the  standard  is  a 
special  ruggedized  version  of  the  Oscilloquartz  B-5400 
commercial  oscillator.  This  modified  design  has  met  all 
the  shock,  vibration,  temperature  and  other  environmental 
requirements  of  the  satellite  specification  while  at  the 
same  time  exhibiting  electrical  performance  and  stability 
equal  to  or  better  than  that  of  the  B5400.  A special  out- 
put amplifier  design  permits  multiple,  highly  buffered, 
independent  outputs  with  considerable  reduced  primary 
power  consumption. 

The  internal  functions  of  the  standard  may  be  monitored 
remotely  by  means  of  the  satellite  telemetry  system.  The 
monitors  on  these  parameters  are  scaled  to  a 0 to  +5  VDC 
output  and  are  brought  to  a connector  for  interfacing  to 
the  satellite.  The  functions  available  are: 

control  voltage 

c-f  ield 

Cg  beam  current 


ionizer  current 

Cg  oven  temperature 

ion  pump  current 

electron  multiplier  voltage 

lock  indicator 

power  on  indicator 

synthesizer  lock  indicator 

quartz  oven  temperature 

These  monitors  are  continuously  available. 

testing 

Upon  arrival  at  NRL  each  standard  went  through  a rigorous 
testing  sequence.  Unit  number  4 (designated  as  qualifi- 
cation standard)was  subjected  to  full  qualification  level 
vibration  and  the  full  qualification  temperature  range. 

The  remaining  units  were  required  to  meet  acceptance 
levels.  All  units  were  tested  to  see  that  stability,  nois^ 
power,  weight  and  interfacing  specifications  were  met.  The 
test  sequence  was  intended  to  give  earliest  possible 
indication  of  failure  in  those  areas  where  least  was  known 
about  its  performance  or  durability.  Four  separate 
vibration  tests  comprising  about  16  minutes  of  time  on  the 
shake  table  were  done  on  the  qual  unit.  The  NTS-2  random 
vibration  specification  calls  for  an  overall  level  of  18.5 
grms  (^3.1  grms  foj  acceptance)  with  a maximum  input  of 
.170  g /Hz  (.085  g /Hz  for  acceptance)  in  the  frequency 
range  of  100  to  2000  Hz  in  power  spectral  density.  Because 
the  NTS-2  mission  does  not  require  that  the  cesium  standard 
be  operational  during  the  launch  phase  the  testing  is  done 
with  only  the  quartz  oscillator  and  ion  pump  portions  of 
I the  standard  operating.  All  four  prototypes  have  passed 

vibration.  The  two  flight  units  will  be  subjected  to 
■ acceptance  level  vibration  in  the  acoustic  test  of  the 

assembled  spacecraft. 

Similarly  the  thermal  vacuum  test  qualification  was  done 
‘ before  any  flight  unit  was  tested  in  the  vacuum  chamber. 

iThe  NTS-2  specifications  require  that  the  frequency 

standard  operate  in  vacuum  over  the  temperature  range  of 
-10  degrees  centrigrade  to  +45  degrees  centigrade 
• (0  to  +40  for  acceptance) . The  required  long  term 

stability  should  be  met  even  when  the  baseplate  temperature 
varies  by  up  to  4 degrees/day  at  a rate  no  greater  than  5 
degrees/hour.  Other  functions  of  the  standard  such  as 
warm  up  under  hot  and  cold  conditions,  function  of  commands, 
and  input  and  output  power  levels  were  checked  in  vacuum. 

As  an  example  figure  8 shows  DC  power  versus  temperature 
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for  the  brassboard.  Figure  9 is  a summary  of  thermal 
vacuum  test  data.  Because  brassboard  testing  in  vacuum  had 
been  completed  and  design  corrections  incorporated  into  the 
prototype  design  there  were  no  major  problems  encountered 
in  this  phase  of  testing.  However,  because  the  mechanical 
structure  was  somewhat  changed  from  the  brassboard  a serious 
study  was  made  of  the  thermal  design.  The  results  of  that 
work  will  be  presented  at  a later  date  (7).  Short  term 
stability  was  measured  on  all  units  for  averaging  times 
ranging  from  about  one  second  to  as  long  as  100,000 
seconds  as  test  times  permitted.  The  qual  unit  has  been 
sent  to  the  National  Bureau  of  Standards  for  long  term 
testing.  At  both  NBS  and  NRL  quality  quartz  oscillators 
were  used  for  the  shorter  averaging  times  and  option  004 
cesium  standards  as  references  for  the  longer  terms.  A 
graph  summarizing  the  data  is  included  as  figure  10. 

Single  sideband  phase  noise  was  measured  at  NRL  on  all  four 
units  using  an  Oscilloquartz  B-5400  as  reference.  As 
expected  for  this  type  of  clock  the  spectral  density  was 
essentially  that  of  the  quartz  oscillator.  Figure  11  shows 
the  results  for  the  designated  flight  units. 

All  standards  were  tested  in  the  Laboratory  and  thermal 
vacuum  environment  to  insure  that  the  power  consumption, 
remote  tuning  capabilities,  and  command  functions  operated 
properly.  This  included  c-field  tuning  curve  measurements, 
quartz  oscillator  tuning  measurements,  spectrum  analysis 
of  harmonic  and  spurious  outputs.  As  an  example  figure  12 
shows  quartz  oscillator  tuning  curves  for  units  three  and 
five . 

; COMMAND  INTERFACE  UNIT 

I The  command  interface  unit  was  designed  to  address  and 

control  the  frequency  standards  from  the  ground  control 
station  via  the  telemetry  system.  This  unit  was  designed 
to  have  full  redundancy  including  power  crossover. 

I 

I The  interface  takes  the  commands  that  have  a magnitude  of 

r 27  volts,  pulse  width  of  50  milliseconds,  and  rise  and  fall 

^ times  of  one  millisecond  and  converts  them  to  transistor- 

• transistor-logic  (T^l)  which  is  compatible  to  the 

frequency  standard  system.  Tuning  for  the  frequency 
standards  is  accomplished  by  taking  serial  command  bits 
and  converting  them  to  parallel  tuning  words.  A monitor 
is  provided  to  look  at  the  tuning  words  and  at  the  state  of 
other  discrete  points  in  the  system. 
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The  command  interface  unit,  diagrammed  in  figure  13,  takes 
the  commands  from  the  Integrated  Command  and  Telemetry 
System  (ICATS)  and  shapes  the  commands,  not  used  for  relay 
operations,  through  a Schmitt  limiter  circuit  into  T^L 
compatible  pulses.  The  commands  used  for  switching 
latching  relays  are  direct  coupled  to  the  relay  selenoid 
with  diodes  mounted  across  the  relay  solenoid  for  reverse 
voltage  suppression. 


The  initial  preset  command  should  always  be  the  first 
command  after  power  is  supplied  to  the  command  interface 
unit  to  initialize  the  unit  to  nominal  operation  mode.  The 
control  commands  operate  latch  circuits  for  the  specific 
requirement  with  the  output  of  the  latch  circuit  output 
remaining  at  "O"  or  "1"  until  the  complimentary  command  is 
transmitted  which  toggles  the  latch. 


The  interface  points  are  listed  in  the  NTS-2  connector 
identification  list  under  box  A404  (Frequency  Standard 
Com.mand  Interface)  . 


REGISTERS 


The  unit  has  seven  redundant  registers  which  are  identified 
as  follows: 


Load  registers 

Relativistic  offset  generator  register 
FS  #1  C field  transfer  register 
FS  #1  Quartz  transfer  register 
FS  #2  C field  transfer  register 

FS  #2  Quartz  transfer  register  monitor  status  regis- 
ter. 

The  load  register  is  a serial  register  containing  16  bits. 

A tuning  enable  command  must  precede  a desired  combination 
of  16  tuning  load  "1"  or  tuning  load  "O"  commands.  The 
first  tuning  load  bit  is  the  lowest  significant  bit  (LSB) 
wi^.h  each  succeeding  bit  increasing  in  power  until  the  ] 6th 
bit  which  is  the  most  significant  bit  (MSB).  Bit  positions 
1 through  12  contain  the  des ' red  tuning  word,  bit  positions 
13  through  15  contain  the  identification  address  (ID)  bits 
and  bit  position  16  is  the  tuning  enable  (1)  or  disable  (0) 
The  tuning  enable  command  switches  the  monitor  gate 
circuitry  to  monitor  the  load  register  for  verification  of 
the  loaded  data  word. 

The  data  word  is  then  parallel  loaded  into  the  addressed 
transfer  register  with  the  transfer  execute  command.  The 
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transfer  execute  command  switches  the  monitor  gate 
circuitry  to  look  at  the  addressed  transfer  register  for 
verification  of  the  loaded  data  word.  The  data  word  is 
next  shifted  into  the  frequency  standard  addressed  storage 
register  with  the  storage  register  execute  command  and 
remains  in  the  transfer  register  for  later  recall. 

The  monitor  status  register  and  any  of  the  transfer 
registers  may  be  monitored  at  any  time  by  sending  a 
register  monitor  select  enable  command,  four  tuning  load 
"1"  or  tuning  load  "O"  to  make  up  the  required  ID  address, 
and  a register  monitor  select  execute. 

RELATIVISTIC  OFFSET  PULSE  GENERATOR 

The  input  0.5  MHz  frequency  from  the  Relativistic  Synthe- 
sizer unit  is  divided  by  2 ' and  then  divided  by  2°  pro- 
ducing the  input  frequency  plus  eight  divided  frequencies. 
These  nine  frequencies  are  then  pulse  subtracted  and  gated 
with  the  desired  offset  setting  in  an  eight  bit  relativis- 
tic offset  generator  register  to  produce  256  discrete  number 
of  pulses  per  unit  time.  This  output  is  then  divided  by  2^ 
producing  1.907  pulses  per  second  to  488.28  pulses  per 
second  in  incremental  steps  of  1,907  pulses. 

The  output  of  this  pulse  generator  is  harnessed  to  the 
relativistic  synthesizer  unit  on  two  lines  where  either 
line  may  be  active  by  selection  of  the  relativistic  offset 
select  positive  or  negative  command.  The  positive  or 
negative  refers  to  the  relativistic  synthesizer  output 
frequency.  The  pulse  generator  may  be  inhibited  with  the 
relativistic  offset  off  command  or-turned  on  with  tlie 
relativistic  offset  on  command. 

POWER 

DC  power  for  the  command  interface  unit  is  provided  by  the 
5.5  VDC  regulators  with  crossover  redundance  accomplished 
by  switching. 

RELATIVISTIC  SYNTHESIZER 

The  NTS-2  program  office  at  NRL  was  tasked  by  GPS  NAVSTAR 
program  office  to  generate  a 10.23  MHz  frequency  for  use 
with  the  Pseudo  Random  Noise  System  (PRNSA)  onboard  the 
NTS-2  Satellite.  Frequency  requirements  for  the  NTS-2 
Orbit  Determination  and  Tracking  System  (ODATS)  was  5 MHz 
with  a tunable  Af  offset  of  approximately  +1  x 10"^  with  a 
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resolution  of  approximately  3 x 10  . The  offset  was 

to  compensate  for  relativistic  effects  and  could  not  be 
accomplished  by  offsetting  the  cesium  standard  which  has  a 
tuning  range  of  + 1 x 10~H.  The  relativistic  offset  was 
later  added  to  the  10.23  MHz  requirement. 

RF  inputs  are  the  two  5 MHz  signals  from  the  two  cesium 
frequency  standards  which  are  selectable,  by  a relay  to  us' 
either  of  the  two  standards  and  still  have  the  other 
standard  in  a powered  mode.  The  positive  and  negative 
offset  pulses  to  control  the  AF  are  redundant  and  go 
through  exclusive  rf  gates  to  allow  for  crossover  redun- 
dancy . 


RF  outputs  are  redundant  5 MHz  + LF  for  ODATS,  redundant 
10.23  MHz  + LF  to  the  10.23  MHZ  VCXO  unit,  redundant  0.5 
MHz  to  the  command  interface  unit  for  deviation  of  the 
positive  and  negative  offset  pulses,  42.82  KHz  zeeman 
frequency  for  the  frequency  standards,  and  5 MHz  to  the 
ICAT  system. 

Primary  DC  power  is  27  VDC  on  either  one  of  the  two  power 
lines  but  not  both  simultaneously.  An  output  5.5  VDC  is 
provided  for  the  command  Interface  Unit  on  one  of  two  lines 
but  not  both  simultaneously  being  consistent  with  the  27 
VDC  input. 


The  basic  operating  principle  of  the  relativistic  offset 
synthesizer  may  be  compared  to  rotating  a phase  vector  by 
means  of  a coherent  motor  driven  resolver.  Figure  14  shows 
a block  diagram.  Pulses  are  coherently  added  to  or  sub- 
tracted from  the  input  5 MHz  pulse  chain  at  a settable 
number  of  pulses  per  unit  time  for  the  desired  offset. 


The  input  5 MHz  signal  is  shaped  into  approximately  a 50 
percent  waveform  with  the  negative  edge  triggering  a pulse 
generator  and  the  positive  edge  controlling  the  insertion 
of  pulses.  The  output  of  the  pulse  generator  and  the 
inserted  pulses  are  gated  to  produce  the  nominal  5 MPPS 
plus  the  inserted  pulses,  if  desired,  in  a pulse  chain. 
This  pulse  chain  is  gated  with  an  omission  pulse,  if 
desired,  to  omit  pulses  from  the  pulse  chain.  This  pulse 
chain  is  divided  and  heterodyned  with  the  input  signal  in 
a series  of  steps  to  obtain  the  desired  integration  or 
phase  shift  per  insertion  or  omission  of  pulses.  The 
division  ratios  in  the  NTS-2  unit  is  131,220  to  1 in  six 
stages  of  division  and  heterodyning.  The  output  frequency 
is  5 MHz  +•  AF.  AF  range  and  resolution  is  7.44  x 10“^^ 
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The  5 MHz  to  10.23  MHz  synthesizer  is  a direct  frequency 
synthesis  technique  incorporating  digital  and  linear  logic. 
This  technique  of  frequency  synthesis  assures  the  output 
frequency  stability  is  directly  related  to  the  reference 
or  input  frequency.  The  synthesis  derivation  is 

: (5-|-5x3-j-4  + 5)  75+5]-|-5  + 575x9  = 1.23  + 9.0  = 10.23. 

Circuitry  used  in  the  synthesis  is  a hybrid  of  digital  and 
linear  logic,  see  figure  15. 

The  Zeeman  frequency  generator  is  non  redundant  in  the 
NTS-2  unit.  The  purpose  of  the  Zeeman  frequency  is  an 
attempt  to  make  a measurement  of  the  relativistic  effects 
of  the  satellite  clock.  Using  the  Zeeman  to  set  the  cesium 
standard  to  atomic  time  should  be  • 2 orders  of  magnitude 
better  resolution  than  the  calculated  relativistic  offset 
for  the  NTS-2  satellite  orbit. 

The  Zeeman  generator  is  a direct  digital  frequency  synthesis 
with  an  op-amp  filtered  output.  The  reference  frequency  is 
1 MHz  which  is  derived  from  the  input  5 MHz.  The 
synthesis  derivation  is 

{1  + [l  -j-  4 + (1  1 y 5)  ^ 25]  ^ 4]  7 25. 

The  Zeeman  frequency  is  switchable  on-off,  and  between  the 
two  frequency  standards  by  relays  which  are  commanded 
through  the  telemetry  command  system. 

The  10.23  MHz  VCXO  was  added  to  the  system  to  meet  the  GPS 
phase  noise  specification  when  the  relativistic  offset  was 
on.  The  circuitry  is  a basic  phase  lock  loop  (PLL) 
controlling  a voltage  control  crystal  oscillator  (VCXO). 

The  reference  frequency  to  the  PLL  is  the  direct  synthe- 
sized 10.23  Milz  which  is  derived  from  the  cesium  standard 
plus  or  minus  the  direct  synthesized  relativistic  offset 
frequency.  The  unit  is  fully  redundant  by  selecting  the 
appropriate  power  on  command. 

The  PLL  incorporates  a balanced  mixer  used  as  a phase 
detector.  The  synthesized  10.23  MHz  plus  or  minus  the 
relativistic  offset,  with  the  stability  of  the  cesium 
frequency  standard,  is  phase  compared  with  the  VCXO  RF  out- 
put. The  proportional  DC  voltage  output  of  the  phase 
detector  is  fed  into  an  analog  integrator.  The  analog 
integration  is  an  operational  amplifier  where  the  bias 
voltage  is  set  to  the  nominal  VCXO  control  voltage.  The 
gain  of  the  amplifier  is  30  and  has  an  integrator  response 
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time  of  3 seconds.  The  output  of  the  analog  integrator  is 
the  control  voltage  for  the  VCXO  unit.  Figure  16  shows 
the  circuit. 

The  VCXO  unit  was  designed  by  Frequency  Electronics  Incor- 
porated for  satellite  system  use.  The  unit  meets  all 
frequency  stability,  phase  noise,  electrical  and  environ- 
mental characteristics  requirements  for  use  in  NTS-2. 

RF  AMPLIFIERS 

The  RF  amplifier  takes  the  + 3dBm  10.23  MHz  signal  from 
the  VCXO  unit  and  amplifies  this  signal  by  15  dB  to  + 18 
dBm  output. 

POWER 

This  unit  is  powered  from  the  same  secondary  switched 
points  as  unit  A403.  Unit  A is  powered  when  RSCI  A is 
selected  and  Unit  B is  powered  when  RSCI  B is  selected. 
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FTS  TUBE 

ANALYSIS 

PARAMETER 

PRE  SHAKE 

POST  SHAKE 

ACCURACY 

< 1 X 10“^^ 

< 1 X 10“^^ 

FLOP/BACKGROUND  RATIO 

12:1 

12:1 

SIGNAL  TO  NOISE  RATIO 

1900* 

1850* 

LINE  WIDTH 

447* 

454* 

FIGURE  OF  MERIT 

4.3* 

4.0* 

1 SIGNAL 

2.5  X 10“® 

2.2  X 10~® 

1 DARK  CURRENT 

10-12 

10-12 

1 ION  PUMP 

1 ua 

1 ua** 

FULL  RESONANCE  SPECTRUM 

NO  CHANGE 

‘DIFFERENCES  IN  THESE  VALUES  ARE  WITHIN  THE  RESOLUTION  OF  OUR 
PARTICULAR  TEST  APPARATUS. 

“AFTER  SHAKE,  A VACUUM  LEAK  IN  A MICROWAVE  WINDOW  METAL  TO 
METAL  BRAZE  CAUSED  A RATE  OF  RISE  IN  INTERVAL  TUBE  PRESSURE. 
ALTHOUGH  UNDESIRABLE,  THE  MAGNITUDE  OF  THE  LEAK  WOULD  NOT 
INHIBIT  NORMAL  OPERATION  IN  EARTHS  ATMOSPHERE.  LEAK  STOPPED 
AT  NRL  - ADDITIONAL  QC  STEPS  NOW  IN  FORCE  TO  AVOID  ANY 
POSSIBLE  REPETITION  IN  FUTURE  TUBES. 
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BRASSBOARD  TEST  DATA 


I 


! 


SHORT  TERM  STABILITY 

AVG.  TIME  (Sec)  cy(2,  t)  * 10 


1 

10 

100 

1,000 

10,000 

50,000 

PHASE  NOISE 

OFFSET  (Hz) 

1 

10 

100 

1,000 

5,000 


3.2 

1.8 

3.1 

1.5 

.6 

.55 

1 Hz  BW 

L (f) 

- 117 

- 139 

- 137 

- 141 

- 142 


THERMAL  COEFFICIENT 

7.5  * 10”^5/oq  qver  -I-5X  TO  +25°C 


DC  POWER 

AIR  22.4  AMBIENT  TEMP  ~ 25°C 

VACUUM  19.4  WATTS  AT  25°C 


C-FIELD  TUNING  1.4  X 10“^3/jUNING  BIT 
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Figure  6 
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Figure  10 


PHASE  NOISE  MEASUREMNENT  OF 
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RELATIVISTIC  SYNTHESIZER 


RF  AMPLIFIER 


10.23  MHZ  Vcxo 


A NEW  RUGGED  LOW  NOISE  HIGH  PRECISION  OSCILLATOR 


D.  A.  Eimnons 

Frequency  and  Time  Systems,  Inc. 
Danvers,  Massachusetts 


ABSTRACT 


This  paper  describes  the  performance  characteris- 
tics of  a new,  rugged  5 MHz  quartz  crystal  oscil- 
lator having  good  short  and  long  term  stability. 

It  exhibits  high  spectral  purity  at  frequencies 
close  to  the  carrier,  with  phase  noise  typically 
-120  db  at  1 Hz.  Short  term  stability  is  charac- 
terized by  0 ( T ) less  than  1 x 10“12  for  sample 
times  of  1 second  to  100  seconds. 

The  oscillator  provides  a precision  low-noise 
source  suitable  for  high  order  frequency  ’.multi- 
plication in  navigation  or  communications  systems 
which  must  survive  physical  abuse  as  well  as  hos- 
tile radiation  environments.  It  meets  the  demand- 
ing environmental  specifications  of  the  satellite 
portion  of  the  NAVSTAR  GPS  system.  Power  consump- 
tion of  less  than  two  watts  is  compatible  with  the 
requirements  of  a satellite-borne  cesium  frequency 
standard.  Linear  voltage  controlled  tuning  per- 
mits operation  over  a 5-year  satellite  mission 
duration. 

Frequency  stability  against  ambient  temperature 
changes  is  an  important  consideration  in  the  de- 
sign. The  oscillator  exhibits  stability  of  bet- 
ter than  5 x 10~10  over  the  ambient  range  of  -55°C 
to  +61°C.  Thermal  stability  data  and  results  of 
shock  and  vibration  testing  will  be  presented. 
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INTRODUCTION 


A rugged  high  precision  5 MHz  oscillator  has  been  developed 
for  applications  requiring  a frequency  source  which  has  good 
spectral  purity  and  frequency  stability,  and  which  is  able 
to  withstand  severe  shock  and  vibration.  The  oscillator  ex- 
hibits very  low  phase  noise  close  to  the  carrier,  typically 
-120  db  in  a 1 Hz  bandwidth  at  1 Hz.  Short  term  frequency 
stability  is  characterized  by  an  Allan  variance  a ( t ) of 
less  than  1 x 10"12  for  sample  times  of  1 to  100  seconds. 
(Fig.  1) 

The  oscillator  thus  provides  a precision  low-noise  source 
suitable  for  high  order  frequency  multiplication  in  naviga- 
tional or  communications  systems  which  must  survive  physical 
abuse,  extremes  of  temperature,  or  severe  radiation  environ- 
ments. In  spite  of  the  overriding  design  requirements  of 
physical  survivability,  it  has  been  possible  to  achieve  the 
kind  of  low-noise  performance  described  by  Brandenberger  et 
al  (1) , and  we  have  been  fortunate  in  being  able  to  draw  on 
that  experience. 

The  5th  overtone  AT  cut  quartz  crystal  and  associated  elec- 
tronics are  held  at  the  frequency  turnover  point  in  a pro- 
portionally controlled  oven  whose  temperature  is  maintained 
constant  to  better  than  0.1°C  over  an  ambient  temperature 
range  of  -55°C  to  +610C. 

At  present  we  produce  the  oscillator  in  two  configurations; 
one  designed  specifically  for  GPS  application,  and  one  in  a 
slightly  modified  package  for  more  general  applications  in 
severe  environments. 

To  emphasize  the  survivability  aspect  of  this  design,  I will 
first  describe  the  5.115  MHz  variation  being  produced  for 
satellite  cesium  frequency  standards  in  the  NAVSTAR  GPS 
system.  Then  I will  discuss  detailed  specifications  and 
performance  of  this  new  oscillator  design,  the  FTS  Model 
1000. 


SATELLITE  OSCILLATOR  REQUIREMENTS  AND  PERFORMANCE 

One  of  the  tasks  of  FTS  in  the  NAVSTAR  GPS  program  was  to 
provide  prototype  model  cesium  standards,  with  a low  aging 
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rate  quartz  oscillator  which  would  demonstrate  the  required 
survivability  for  rocket  launch  and  a long  term  space  mis- 
sion. The  first  units  were  delivered  to  NRL  early  in  1976 
for  evaluation  and  use  in  the  NTS-2  satellite.  Quartz  res- 
onators were  fabricated  from  premium  Q grade  swept  quartz 
and  then  subjected  to  extensive  testing,  selection  and 
processing  before  use. 

The  next  generation  Engineering  Development  Model  oscillator 
contains  selected,  screened  parts,  the  requisite  radiation 
resistant  circuitry,  and  appropriate  shielding  for  the  GPS- 
NDS  satellite  missions. 

In  the  satellite  cesium  standard  back-up  mode,  the  oscil- 
lator may  operate  independently  of  the  cesium  control  loop 
as  a prime  frequency  source  with  low  drift  rate  and  good 
frequency  stability.  The  5.115  MHz  output  is  frequency 
doubled  outside  the  oscillator,  and  additional  circuitry 
provides  the  desired  radiation-immune  user  signal  at  the 
10.23  MHz  GPS  frequency. 

Figure  2 shows  the  GPS  environmental  specifications  as  well 
as  typical  performance.  The  oscillator  has  undergone  re- 
peated random  vibration  testing  at  the  (previous)  23.2  g 
(rms)  qualification  level  both  separately,  hard  mounted  to 
the  test  fixture,  and  as  part  of  the  EDM  cesium  standard 
chassis.  Oscillators  have  also  been  successfully  tested  at 
higher  levels  up  to  29  g (rms) . 

During  10  g (rms)  random  vibration  tests  on  an  operating 
oscillator,  frequency  excursions  are  well  within  the  elec- 
tronic control  tuning  range,  with  recovery  to  original 
frequency  in  less  than  1 hour.  The  transient  excursion  is 
double  valued,  so  the  accumulated  phase  error  in  a time- 
keeping system  tends  to  average  to  zero. 

The  specified  pyrotechnic  shock,  2300  g peak  at  1850  Hz,  is 
a non-operating  survival  test,  but  we  have  monitored  fre- 
quency during  test  of  an  operating  oscillator  and  rind  Af/f 
shifts  of  a few  parts  in  lO^O  per  pulse.  A sequence  of 
12  pulses  produced  a final  offset  of  the  order  of  5 x 10“li 
in  one  instance. 

Frequency  offset  for  various  ambient  operating  temperatures 
is  an  important  consideration.  The  upper  temperature  limit 
of  operation  becomes  especially  important  in  vacuum.  It 
has  been  our  goal  to  permit  stable  operation  over  as  wide 
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a range  of  temperature  as  might  be  expected  in  diverse  non- 
laboratory applications.  Especially  important  in  the  prime 
frequency  source  back-up  mode  is  frequency  stability  during 
temperature  changes,  since  the  frequency  deviation  response 
to  time  gradients  is  in  general  much  larger  than  for  steady 
operation.  In  addition  to  the  requirement  of  operation  to 
+50°C  in  vacuum,  the  GPS  NTS-2  mission  required  that  all 
operating  specifications  be  met  when  the  temperature  of  the 
mounting  surface  is  controlled  to  within  4°C  at  any  given 
operating  temperature.  From  knowledge  of  the  oven  control 
gain  and  thermal  time  constants,  verified  by  experimental 
results,  we  know  that  an  ambient  temperature  slew  rate  of 
a few  degrees  per  hour  will  produce  less  than  10"10  offset 
and  no  degradation  of  short  term  frequency  stability. 

The  decision  not  to  vacuum-seal  the  oscillator  unit  has 
several  consequences  for  vacuum  operation.  First  is  the 
transient  frequency  shift  associated  with  changing  the 
stress  environment  of  the  resonator,  coupled  with  the  ther- 
mal perturbations  of  rapid  air  removal  from  the  oscillator. 
The  transient  frequency  offset  is  typically  10”8  for  rapid 
pump-down,  with  recovery  to  the  initial  frequency  in  about 
one  hour.  Secondly,  the  thermal  resistance  between  oven 
and  ambient  increases  so  that  oven  consumption  decreases. 
Internal  heat  sources  then  produce  a larger  temperature 
differential  than  normal,  and  this  has  been  taken  into  ac- 
count when  setting  the  upper  limit  for  frequency  stable 
operation . 

The  low  power  consumption  in  vacuum  environment  is  an  addi- 
tional asset  for  satellite  applications.  The  GPS  oscilla- 
tor typically  requires  less  than  2 w in  vacuum  even  though 
three  buffered  signal  outputs  are  provided. 

Figure  3 shows  the  GPS  short  term  frequency  stability  re- 
quirement for  the  back-up  mode  (oscillator  as  prime  fre- 
quency source).  The  Allan  variance  is  a (N=2,  T=  t , t ) . 
Also  shown  are  typical  data  for  x between  1 sec  and  100  sec. 

The  observed  short  term  stability  is  typically  5 x 10“13, 
consistent  with  the  measured  phase  noise  in  the  f~3  region 
of  L(f).  For  X less  than  1 second,  one  expects  a region  of 
x~l  behavior,  with  x x o ( x ) = 1.4  x 10“i3  based  on  the 
measured  -145  db  white  phase  noise  floor  and  a 1 kHz  meas- 
uring system  bandwidth. 
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Figure  4 shows  the  measured  phase  noise  spectrum  for  an  os- 
cillator after  undergoing  random  vibration  to  20.8  g (rms) 
six  minutes  on  each  axis.  There  was  no  measurable  degrada- 
tion. The  GPS  specification  for  phase  noise  at  the  10.23 
MHz  user  frequency  is  also  shown. 


FTS  MODEL  1000  OSCILLATOR 

Detailed  specifications  for  the  FTS  Model  1000  oscillator 
are  shown  in  Figure  5.  The  weight  of  1.9  lbs  (0.86  kg)  and 
62  cubic  inch  size  make  it  compact  for  an  oscillator  exhib- 
iting this  state-of-the-art  performance.  The  oscillator  re- 
quires less  than  2 w normal  operating  power  at  room  temper- 
ature, and  typically  3.2  w at  -55°C.  Warm-up  requires  14  w 
for  less  than  15  minutes,  and  frequency  is  within  10”9  of 
the  final  value  one  hour  after  turn-on.  At  this  time  the 
rate  of  change  of  frequency  is  less  than  10”12  per  second. 

The  model  1000  has  two  independent  well  buffered  outputs  at 
1 V rms  into  50  ohms,  short  circuit  proof.  An  additional 
two  buffered  outputs  can  be  provided.  The  harmonic  distor- 
tion is  at  least  40  db  below  the  rated  output,  and  spurious 
output  is  better  than  100  db  down.  Sensitivity  of  frequency 
change  to  output  loading  is  < 5 x 10“H  for  a 10%  change 
from  50  ohm  load. 

Both  mechanical  and  electrical  frequency  adjustments  are 
provided,  with  the  important  feature  that  they  are  linear. 

A 25-turn  screwdriver  adjustment  gives  a minimum  of  4xl0~7 
tuning  range,  and  external  dc  voltage  control  (-10  V to 
+10  V)  provides  Af/f  = 2 x 10“^.  These  tuning  ranges  are 
additive  and  linearity  is  good  over  the  whole  range.  Fig. 6 
shows  the  typical  frequency  shift  with  control  voltage.  The 
integral  linearity  is  better  than  5%  for  voltage  control  at 
either  end  of  the  mechanical  adjustment  range.  This  fea- 
ture is  of  particular  utility  in  phase  locked  loop  applica- 
tions where  it  is  desired  that  the  loop  gain  not  vary  with 
frequency  offset. 

The  phase  noise  performance  specification  is  shown  in  Fig. 7 
along  with  data  taken  using  a noise  measuring  system  such 
as  described  by  Allan,  et  al  (2).  This  is  the  single  side- 
band phase  noise  per  oscillator  in  a 1 Hz  bandwidth  at  the 
fourier  frequency  f.  A low  noise  mixer  is  followed  by  a 
very  low  noise  amplifier  system  and  loose  phase  lock  to 
maintain  the  signals  in  quadrature.  The  noise  voltage  is 
then  measured  with  a spectrum  analyzer. 
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The  behaviour  of  frequency  offset  as  a function  of  ambient 
temperature  is  shown  in  Figure  8 for  several  oscillators. 

Our  specification  is  shown  by  the  total  excursion  of  5xl0~^*^ 
over  the  range,  and  representative  data  from  several  units 
are  shown.  This  performance  is  the  result  of  careful  atten- 
tion to  the  control  of  thermal  gradients,  since  the  actual 
stability  of  a single  proportional  oven  is  not  simply  dic- 
tated by  the  loop  gain.  The  demonstrated  stability  of  fre- 
quency versus  changing  ambient  is  an  important  point  when 
one  expects  high  quality  low  noise  performance  in  less  than 
ideal  physical  conditions. 

Finally,  we  see  the  usual  static  g sensitivity  of  about  a 
part  in  10^  per  g,  as  is  typical  for  the  high  Q thickness 
shear  mode  AT  cut  crystals.  Because  the  reduction  of  g sen- 
sitivity is  a topic  of  great  interest,  we  have  experimented 
with  a scheme  to  compensate  for  static  g changes  along  the 
most  sensitive  crystal  orientation,  and  indeed  very  prelim- 
inary results  show  that  the  sensitivity  can  be  reduced  to 
that  of  the  other  axes.  However,  considerable  effort  will 
need  to  be  expended  to  solve  the  real  problem  of  dynamic 
sensitivity. 
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FREQUENCY  & TIME  SYSTEMS.  INC. 
Specifications  Model  1000  Oscillator 


Operating  Conditions 

SupPL'i  Voltage  +24  VDC  nominal  (+22  to  +30  volts) 

Power  Requirement  <2  watts  operating  (25°C) 

14  WATTS  warm-up 

Operating  Temp.  Range  -55°C  to  +61°C 

Environmental  Non-Operating 

Storage  Temp.  Range  -60°C  to  +80°C 

23  G (rms)  random.  20.2000  Hz 

Pyrotechnic  spectrum.  2300  g peak  at 
1850  Hz  (5%  damping) 


3.00  X 3.00  X 6.88  inches 
1.9  lbs 

M24308/3-1. 

SMA  Jack 


Vibration 

Shock 

Mechanical  Data 

Dimensions 

Weight 

Connectors 

Power/control 

Output 


Fig.  5 
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SpHC I F ICAT IONS  MoDLL  1000  OSCILLATOR 


Outputs 


2 INDEPENDENT  BUFFERED  OUTPUTS 


Frequency 

Frequency  Adjustment 
Mechanical 
Electrical 
Level 

Harmonic  Distortion 
Non-harmonic  Components 


5 MHz 

4x10’^  BY  25-turn  screwdriver  adjustment 
2x10'^  BY  EXTERNAL  DC  VOLTAGE  (-10  TO  +10v) 
1 V rms/50  ohms 

At  LEAST  40  DB  BELOW  RATED  OUTPUT 

At  least  100  db  below  rated  output 


Frequency  Stability 
Long  Term  (aging) 

Short  Term 
Warm-up 

Temperature  Effect 

Load  Sensitivity 
Supply  Voltage  Effect 
Static  Acceleration 


< 1x10"^*^/day  after  30  days  of 

CONTINUOUS  OPERATION 

Allan  Variance  10“^^  for  1-100  sec. 
Within  10'^  in  1 hour 
<5xl0'l°  over  -55°C  to  +61°C 

RANGE  OF  AMBIENT 

<5x10“^^  FOR  10%  CHANGE  FROM  50  OHMS 
<5x10'^^  FOR  24  VOLTS  + 10% 

IxlO'^/G  TYPICAL 


Fig.  5 (Cont'd.) 
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PERFORMANCE  OF  A DUAL  BEAM  HIGH  PERFORMANCE 
CESIUM  BEAM  TUBE  * 


Gary  A.  Seavey 
Hewlett-Packard  Company 
Santa  Clara,  California 

ABSTRACT 

The  dual  beam  high  performance  cesium  beam  tube 
general  design  and  operation  is  discussed. 
Computer  generated  theoretical  performance 
predictions  are  compared  to  typical  performance 
measurements  on  a large  sample  of  tubes. 
Improvement  in  cesium  oven  design  and  a 
configuration  change  of  the  tube's  cesium 
detector  is  presented.  A few  tubes  were 
subjected  to  adverse  environments  and  the 
beam  tube  performane  after  these  tests  is 
discussed.  Also,  a slightly  modified  dual 
beam  high  performance  cesium  beam  tube  was 
subjected  to  high  level  random  vibration 
and  its  performance  before  and  after  the 
vibration  is  presented.  The  possibility  of 
achieving  greater  than  typical  performance 
for  relatively  short  periods  of  time,  for 
special  applications,  is  discussed.  Measure- 
ments of  accuracy,  stability  for  various  time 
periods  and  stability  in  dc  magnetic  fields 
carried  out  on  HP  5061A  primary  frequency 
standards  equipped  with  dual  beam  high  per- 
formance cesium  beam  tubes  is  presented. 

The  frequency  stability  of  various  types  of 
atomic  frequency  standards  is  compared  to  the 
typical  frequency  stability  of  a fjP  5061A 
primary  frequency  standard  equipped  with  a 
dual  beam  high  performance  cesium  beam  tube. 


INTRODUCTION 


The  dual  beam  high  performance  cesium  beam  tube  was  developed 
by  Hewlett-Packard  Company  in  1971.  During  the  past  three 
years  Hewlett-Packard  has  been  producing  the  tube  to  be  sold 
as  an  option  (designated  option  004)  with  the  HP  5061A 
primary  frequency  standard.^  Figure  1 shows  the  high  per- 
formance tube  and  an  HP  5061A.  Utilization  of  the  option 

* This  paper  was  presented  in  part  at  the  30th  Annual  Fre- 
quency Control  Symposium 
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with  tlic  HP  506  lA  allows  one  to  realize  improved  short-term 
stability,  reproducibility,  settability,  and  decreased 
sensitivity  to  dc  magnetic  fields. 


Gen e£a  Hes  i gn  and  Oper a t i on 

The  dual  beam  high  performance  cesium  beam  tube  is  a passive 
atomic  resonator  wt\ose  internal  components  are  shown  in 
Figure  2 and  are:  a cesium  oven,  which  forms  and  aims  the 
two  cesium  beams;  the  state  selector  magnets,  which  by  means 
of  a magnetic  field  gradient  , spatiallyseparate  the  atoms 
of  each  beam  into  two  energy  groups;  the  microwave  cavity, 
in  which  an  energy  state  change  of  the  atoms  Ts  induced ; 
the  hot-wire  ionizer,  which  ionizes  the  atoms  that  have 
unde rgone  an  energy  state  change;  the  mass  spectrometer, 
which  separates  the  cesium  ions  from  unwanted  noise  contrib- 
uting  ions;  the  electron  multiplier,  which  converts  the  ions 
to  electrons  and  ampl i fies  the  electron  current  to  a level 
compatible  with  subsequent  electronics;  the  ion  pump,  which 
maintains  a high  vacuum  within  the  t ube ; ~magnet ic  shielding, 
which  minimize  effects  of  external  magnet icfields;  solenofd 
type  windings,  which  produce  the  homogeneous  magnetic  field 
"C- field"  over  the  region  of  the  microwave  cavity  and  for 
degaussing  the  beam  tube  magnetic  shields.  Also  the  tube 
contains  gettering  material  which  collects  and  traps  the 
unwanted  expended  cesium  atoms. 

The  primary  life  limiting  elements  in  cesium  beam  tubes  are 
the  cesium  supply  and  the  gettering  system.  The  cesium 
supply  and  gettering  system  in  the  dual  beam  high  performance 
cesium  beam  tube  have  been  designed  for  a five  year  operating 
life,  as  has  the  standard  tube. 

The  cesium  oven  or  cesium  source  forms  and  aims  the  two 
cesium  beams  by  means  of  a multi-tube  collimator.  We  use 
dual  beams  primarily  todouble  the  output  signal  to  the 
ionizer  which  gives  a /2  increase  in  the  Signa  1 -to-.\’oise 
ratio  at  the  input  to  the  electronics.  A second  advantage 
of  the  dual  beam,  which  has  been  designed  in,  is  relative 
immunity  to  acceleration  effects.  The  cesium  beam  intensity 
is  controlled  by  the  temperature  to  which  the  cesium  is 
heated  by  the  oven.  Additionally  there  are  intentional 
conductance  limitations  in  the  oven  and  collimator  which 
reduce  the  beam  intensity.  These  conductances  within  the 
oven  are  designed  to  prevent  liquid  cesium  from  escaping 
the  oven. 
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The  state  selection  magnets  produce  an  inhomogeneous,  10 
gauss  peak,  magnetic  flux  density.  The  beam  comprised  of 
cesium  atoms  in  two  energy  level  groups,  as  depicted  in 
figure  3,  passes  through  this  large  magnetic  field  gradient. 
Since  : 


1.  an  atom's  energy  is  dependent  on  magnetic  field  intensity; 

2.  the  magnetic  field  intensity  is  dependent  on  position  in 
the  state  selector  magnet  gap; 

3.  physcial  systems  tend  to  the  lowest  potential  energy 
possible; 

then  the  atoms  experience  a force  in  the  direction  of  the 
magnetic  field  gradient.  The  atoms  in  the  levels  of  F=3 
and  F=4,  mp=-4  group  are  deflected  towards  stronger  magnetic 
fields.  The  atoms  in  the  remaining  F=4  levels  are  deflected 
towards  weaker  magnetic  fields.  Hence  the  atoms  of  each 
of  the  two  beams  are  spatially  separated  into  two  energy 
level  groups. 

The  first  state  selector  magnet  separates  the  atoms  into 
two  energy  level  groups  such  that  the  F=3  levels  and  F=4, 
mp=-4  level  are  directed  through  the  microwave  cavity  while 
the  remaining  group  of  the  F=4  levels  is  prevented  from 
passing  tiirough  the  microwave  cavity. 

The  second  state  selector  magnet  separates  the  cesium  beam 
which  has  traveled  through  the  microwave  caviy^  into  two 
. groups,  the  atoms  that  have  not  undergone  a transition  to 

the  F=4  group  are  directed  away  from  the  hot-wire  ionizer 

I and  the  atoms  that  have  undergone  a transition  to  the  F=4 

i group  are  deflected  onto  a path  toward  the  hot-wire  ionizer. 

I Thus  the  majority  of  atoms  that  are  ionized  by  the  hot-wire 

ionizer  are  atoms  that  have  experienced  an  energy  transition 
while  traveling  through  the  microwave  cavity. 

The  microwave  structure  first  proposed  by  Professor  Ramsey 
i is  a center  feed,  U-shaped  microwave  cavity  which  is 

machined  to  close  tolerances  from  oxygen-free  copper.  The 
i outside  configuration  of  the  microwave  cavity  is  fabricated 

in  such  a way  that  it  positions  the  C-field  windings  and 
I the  C-field  magnetic  shield. 

The  hot-wire  ionizer  is  a flat  tantalum  ribbon  running  at 
approximately  1000°  Celsius.  The  cesium  atoms  which  have 
undergone  an  energy  transition  in  the  microwave  cavity  are 
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directed  toward  the  ionizer  by  the  second  state  selector 
magnet.  The  atoms  intercepted  by  the  ionizer  first  stick, 
tlien  arc  ionized,  and  finaMy  evaporated  and  accelerated  into 
tlie  mass  spectrometer. 

The  mass  spectrometer  spatially  separates  the  cesium  ions 
from  any  other  unwanted  noise  producing  ions,  such  as 
potassium,  and  focuses  the  cesium  ions  into  the  electron 
multiplier. 

The  electron  multiplier,  which  is  of  the  box  and  grid  design, 
converts  the  1 x lO'll  ampere  ion  current  to  an  electron 
current  and  then  amplifies  the  electron  current  to  approx- 
imately 10'^  amperes  which  becomes  the  input  for  the  signal 
processing  electronics  of  the  HP  5061A. 

Piguie  2 depicts  the  paths  of  the  cesium  atoms  through  the 
beam  tube.  The  solid  lines  indicate  the  path  of  the  atoms 
that  contribute  to  the  signal  and  the  dashed  lines  indicate 
the  path  of  the  atoms  that  do  not  contribute  to  the  signal. 


Comparison  Theoretical  Vs.  Actual  Performance 

A computer  program  was  developed  to  model  the  dual  beam  high 
performance  cesium  beam  tube  and  the  theoretical  performance 
was  calculated  based  on  this  model. ^ The  pertinent  parameters 
obtained  from  the  computations  are  as  follows: 

1.  Total  beam  intensity  arriving  at  the  hot-wire  ionizer, 

7.2  X 10^  atoms/sec.  (1.15  x lO'^laj 

2.  Linewidth  of  the  field  independent  transition  (F=3,  mp=0 
to  F=4,  mj:  = 0)  is  .327  Hz. 

3.  Figure  of  merit,  31 

An  initial  production  group  of  approximately  30  tubes  was 
produced  that  exhibited  performance  somewhat  less  than 
predicted.  An  investigation  was  carried  out  to  determine 
the  cause  of  this  disagreement.  A cesium  source  problem 
was  discovered  as  was  an  improvement  in  the  detector 
con  figuration. 

The  cesium  source  or  "oven  problem"  which  caused  erratic 
beam  intensity  performance  and  some  very  early  failure,  due 
to  decreased  signal  level,  required  a redesign  of  the  cesium 
oven.  This  has  long  since  been  completed,  and  since  we  have 
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seen  no  recurrences  we  feel  confident  that  the  problem  is 
cured . 


In  Figure  4 the  shaded  area  depicts  the  figure  of  merit 
of  the  initial  group,  and  the  outlined  area,  the  figure 
of  merit  of  the  most  recent  150  units.  The  figure  of  merit 
increased  44%  to  a mean  value  of  24. 

Typical  performance  after  the  modifications  as  measured  on 
over  150  tubes: 

1.  Total  beam  intensity,  1 x 10  ^^a 

2.  Linewidth,  358  Hz 

3.  Figure  of  merit,  24. 

The  most  important  of  these  parameters  in  characterizing 
overall  tube  performance  is  the  figure  of  merit.  The  figure 
of  merit  is  defined  to  be  the  beam  tube  output  signal  to 
noise  ratio  as  measured  in  a h Hz  bandwidth,  divided  by  the 
linewidth  of  the  field  independent  transition.  Figure  5 
depicts  the  pertinent  measurements  and  their  relation  to 
the  figure  of  merit. ^ 


Typical  Performance  in  an  HP  5061A 

Figure  6 is  a frequency  offset  histogram  of  HP  5061A  option 
004  based  on  final  test  data  for  over  100  instruments. 

The  frequency  stability  specification  for  the  5061A  option 
004  is  based  on  a realized  figure  of  merit  of  10.  The  high 
performance  tube  figure  of  merit  mean  of  24,  if  realized  in 
the  environmental  and  instrument  conditions  prevailing, 
would  give  a 100  second  stability  of  3.5  x lO'^-^.  Published 
data  of  NBS  shows  a realized  stability  of  5 x lO'l^  at  100 
seconds.  The  specification  sheet  calls  for  less  than  8.5  x 
lO'l^.  These  NBS  data  also  indicated  that  the  t-'5  relation 
holds  past  10“^  seconds,  giving  5 x 10*1“^  at  10“^  seconds.** 

The  specification  limit  for  sensitivity  to  magnetic  fields 
is  42  X 10*^^  for  a 2 gauss  field  in  any  direction.  A 
typical  measurement  yields: 

side  to  side  ±1 

top  to  bottom  45 

front  to  rear  +5 


X 10 
X 10 
X 10 


- 1 3 
-14 
-15 
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The  reproducibility  specification  of  7>  x 10"12  is  obtainable 
when  the  HP  10b38A  Degausser  is  used  with  the  HP  5061A 
Option  004.  This  reproducibility  is  shown  by  the  accuracy 
histrogram  Figure  6.  The  function  of  the  degausser  is  to 
relax, the  magnetic  domains  of  the  inner  shield  to  an 
equilibrium  magnetization  after  a change  in  the  "C-field'' 
current.  The  degausser  accomplishes  in  20  minutes  the 
relaxation  that  might  otherwise  proceed  for  weeks  causing 
a shift  in  frequency  as  the  "C-field”  changes.  A high 
level  degaussing  is  recommended  at  turn  on,  and  can  be 
performed  as  the  oven  is  heating.  Low  level  degaussing  can 
be  performed  witliout  causing  the  instrument  to  unlock,  and 
is  recommended  after  changes  in  "C-field",  or  magnetic 
environment  changes  are  made.  Reproducibility  is  defined 
as  the  independently  set  up  instrument  frequency  comparison 
to  the  NBS  frequency  standard. 

The  settability  specification  of  ±1  x 10”^^  requires  the  use 
of  the  degausser.  Settability  or  calibration  refers  to  the 
ability  to  make  relatively  small,  predictable  changes  to 
the  output  frequency  of  the  standard.  One  minor  division 
on  the  "C-field"  control  corresponds  to  a nominal  change  of 
5 x 10' in  output  frequency  and  2 in  the  logging  numbers 
on  the  "C-field"  dial  which  reads  from  0 to  1000. 

Typical  performance  with  regard  to  settability  is  1 x 10'^‘^ 
which  includes  control  linearity,  operator,  beam  tube  and 
degausser  effects. 

Operating  life  data  are  still  scarce,  but  recently  two  early 
tubes  were  returned  at  end  of  life  after  more  than  4 years 
in  service.  These  tubes  were  of  the  old  oven  design. 

Frequency  Stabilities  of  Various  Types  of  Atomic  Frequency 
Standards 


Before  the  development  of  the  high  performance  cesium  stan- 
dards, the  commercial  rubidium  standards  exhibited  superior 
short-term  stability  by  an  order  of  magnitude  when  compared 
to  commercial  cesium  standards.  The  high  performance  cesium 
standard  exhibits  typical  short-term  stability  approximately 
equal  to  the  short  term  stability  of  commercial  rubidium 
standa  rds , 

Figure  7 is  a graphic  representation  of  the  measured  fre- 
quency stability  of  various  types  of  atomic  frequency  stan- 
dards.^ The  shaded  area  labeled  High  Performance  Commercial 
Cesium  represents  the  realizable  frequency  stability  range 


for  ±la  of  the  measured  figure  of  merit  for  a sample  of 
over  150  dual  beam  high  performance  cesium  beam  tubes. 
The  mean  of  this  range  corresponds  to  a figure  of  merit 
of  24. 


High  Level  Vibration 

A dual  beam  high  performance  cesium  beam  tube  was  modified 
for  the  Global  Positioning  System  evaluation  program.^ 

The  modifications  were  to  strengthen  it  structurally  and 
change  the  internal  wiring  so  that  the  tube  could  be  subject- 
ed to  high  level  random  vibration  and  not  experience  mech- 
anical or  electrical  failure. 

The  random  vibration  characteristics  were:  acceleration 

spectral  density  of  0.35  G^Hz  from  125  Hz  to  1200  Hz, 
below  125  Hz  and  above  1200  Hz  the  vibration  spectral  density 
decreases  by  6 dB/octave  until  a total  frequency  band  of 
20  Hz  to  2000  Hz  is  reached.  Figure  8 is  the  plot  of 
acceleration  spectral  density  vs.  frequency  for  the  above 
mentioned  vibration.  This  vibration  characteristic  inte- 
grates to  approximately  25  g rms . 

The  tube  was  measured  in  an  HP  5061A  frequency  standard 
prior  to  the  vibration,  then  subjected  to  the  vibration 
while  non  operating  and  then  remeasured  in  the  same  HP  5U61.A 
frequency  standard.  A comparison  of  this  electrical  perfor- 
mance before  and  after  the  vibration  is  tabulated  below: 


Short  Term 

Stability 

Accuracy 

(10  second 

averaging) 

before  vibration 

4.5  X 10*^^ 

1 .33  X 

10'^“ 

after  vibration 

11.1  X 10'^^ 

X 

OC 

10-^2 

speci ficat ion 

300.  X 10'^‘^ 

2.70  X 

10'^“ 

Modified  Performance 

for  Special 

Appl icat ions 

The  figure  of  merit  (stability)  of  a cesium  beam  tube  is 
determined,  as  mentioned  previously,  by  the  s ignal -to-noise 
ratio,  the  linewidth  and  curve  shape  factor.  In  any  given 
beam  tube  the  linewidth  and  curve  shape  are  relatively 
constant,  but  the  si gnal-to- noise  ratio  can  be  changed 
within  limits  by  changing  the  beam  intensity,  i.e.  oven 
temperature.  Since  the  vapor  pressure  of  cesium  doubles 
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for  approximately  a 10  Celsius  increase  in  oven  temperature 
one  expects  such  a change  to  give  a doubling  of  cesium  beam 
intensity,  a 1 improvement  in  figure  of  merit  and  a doubling 
of  consumption  of  cesium,  or  halving  of  operating  life. 

Cesium  beam  tubes  have  been  operated  with  oven  temperatures 
increased  12  Celsius  from  nominal  for  periods  of  hundreds 
of  hours.  If  the  cesium  vapor  pressure  is  made  too  great 
scattering  occurs  in  the  beam  which  adversely  affects  the 
curve  shape  and  linewidth  which  shorten  the  operating  life 
and  yield  no  benefits. 

Similarly  a reduction  in  cesium  oven  temperature  will  give 
reduced  beam  intensity,  cesium  consumption,  and  figure  of 
merit  with  expected  longer  life.  The  initial  limitation  here 
would  be  the  need  for  a detectable  signal  level  which  would 
set  a low  temperature  limit. 


Adverse  environments 


Randomly  chosen  tubes  have  been  subjected  to  adverse  environ- 
ments. One  such  test  was  to  subject  a tube  to  high  level 
shock.  The  test  called  the  "hammer  blow"  is  carried  out  by 
mounting  the  tube  to  a large  steel  carrier  and  then  striking 
the  carrier  with  a 400  lb.  hammer.  The  hammer  swings  through 
1,  3,  and  5 foot  drops  in  each  of  three  axes  for  a total  of 
nine  blows.  The  5 foot  drop  generates  shocks  on  the  order 
of  1500  g at  the  table.  The  tube  successfully  passed  this 
shock  test  without  mechanical  or  electrical  damage,  or  mea- 
surable change. 
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Figure  1.  a.)  HP  5061A,  b.)  Dual  Beam  High  Performance  Cesium 
Beam  Tube 

Figure  2 . Pictorial  Representation  of  Dual  Beam  High  Performance 
Cesium  Beam  Tube 

Figure  3.  Energy  Level  Diagram  of  Cesium 
Figure  4 . Figure  of  Merit  Histogram 
Figure  5.  Figure  of  Merit 

Figure  6.  HP  506 lA  Opt.  004  Frequency  Accuracy  Histogram 

Figure  7.  Frequency  Stability  for  Various  Types  of  Atomic 
Frequency  Standards 

Figure  8.  Acceleration  Spectral  Density 
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I . INTRODUCTION 

Inherent  to  any  VLBI  experiment  or  observation  is  the 
use  of  independent  frequency  standards  at  both  elements  of 
the  interferometer.  These  standards  generate  the  signal  for 
the  local  oscillator  (LO)  used  to  convert  the  observed  RF 
frequencies  to  a video  signal  which  is  then  recorded  on 
magnetic  tape.  They  also  furnish  the  reference  time  record- 
ed along  with  the  observations  made  by  each  station.  These 
tapes  are  then  brought  together  at  a later  time  for  cross- 
correlation in  order  to  determine  the  interferometric  obser- 
vables . 

The  stability  requirements  of  the  frequency  standards 
used  for  VLBI  experiments  are  very  demanding.  Figure  1 
illustrates  the  relative  frequency  stability  required  to 
insure  90°  radio  phase  stability  as  a function  of  time  in- 
terval for  several  representative  observing  frequencies. 
Until  this  time,  only  rubidium  frequency  standards  and 
hydrogen  masers  have  been  used  for  most  VLBI  experiments. 
Usually  rubidium  standards  are  used  when  hydrogen  masers 
are  unavailable.  MacDoran  et . al . (1975)  have  reported  the 

successful  use  of  a HP  5065A  rubidium  standard  at  S-band 
(2.3  GHz)  for  the  ARIES  project.  They  also  ma)te  the  con- 
jecture that  sufficient  stability  might  be  obtained  for  X- 
band  (8.4  GHz)  by  slaving  a rubidium  to  a cesium  frequency 
standard  with  a phase-loc)t  loop. 

As  this  last  statement  implies,  the  typical  commercial- 
ly available  cesium  standard  does  not  have  sufficient  inter- 
mediate term  frequency  stability,  i.e.,  for  periods  of  time 
less  than  or  equal  to  1000  secs,  to  be  of  use  as  a VLBI  ref- 
erence oscillator.  Because  improved  cesium  standards,  such 
as  the  HP  5061A  with  option  004,  High  Performance  Cesium 
Beam  Tube  (HPCBT) , approach  the  short  and  intermediate  term 
stability  of  a typical  rubidium  standard,  it  appeared  that 
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they  might  be  successfully  applied  in  some  VLBI  experiments. 
In  addition,  the  availability  of  several  HPCBT  cesium  stand- 
ards which  had  been  specially  modified  and  which  appeared 
to  have  better  short  and  intermediate  term  stabilities  than 
rubidium  standards  (Alley,  1975)  led  the  Naval  Research 
Laboratory  and  the  Naval  Observatory  to  undertake  a joint 
program  to  test  and  evaluate  their  use  for  VLBI  applications. 

The  program  consisted  of  evaluating  the  laboratory  be- 
havior of  the  specially  modified  HPCBT  frequency  standard 
and  then  utilizing  it  and  an  "off-the-shelf"  HPCBT  HP5061A 
(004)  in  a VLBI  experiment.  Participation  in  the  VLBI  ex- 
periment was  to  be  on  a standby  basis  so  as  not  to  interfere 
with  the  major  goal  of  the  experiment.  After  sufficient 
observations  had  been  made  using  a hydrogen  mas^^r  as  the 
principal  reference  standard,  the  test  oscillators  were 
switched  into  the  system. 

II.  STABILITY  MEASUREMENTS 

CS  1025,  an  HPCBT  cesium  beam  frequency  standard  which 
had  been  specially  modified  was  selected  for  this  experi- 
ment. The  modifications  consisted  of: 

1)  increased  oven  temperature  in  order  to  obtain  a 
larger  beam  flux; 

2)  a second  order  control  loop;  and 

3)  a special  HP  proprietary  modification. 

A system  consisting  of: 

1)  Dual  Mixer  Time  Difference  System,  Model  106,  manu- 
factured by  Boulder  Scientific  R&D  Laboratory,  Inc. 
(as  described  by  Allan,  1976); 

2)  HP  5360A  Computing  Counter; 

3)  HP  5376A  Programmer; 

4)  HP  K01-5360B  Serial-to-Parallel  Converter;  and 

5)  HP  5050B  Digital  Recorder 

was  used  to  measure  phase  differences  between  CS  1025  and  a 
hydrogen  maser  and  to  calculate  the  Allan  variance  (Allan, 
1966).  A beat  frequency  of  1 Hz  was  obtained  using  an  HP 
106  crystal  oscillator.  System  measurement  noise  is  plotted 
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in  Figure  2 along  with  the  results  obtained  for  the  Allan 
variance  of  CS  1025  versus  the  hydrogen  maser  and  typical 
stability  curves  (Walcek,  1976)  for  a rubidium  frequency 
standard  (HP  5065A) , a HP  5061A  and  a HP  5061A  (option  004) 
cesium  frequency  standard. 

It  was  not  possible  to  independently  determine  the  Al- 
lan variance  for  the  hydrogen  maser  used  in  this  experiment. 
Therefore,  the  contribution  of  the  hydrogen  maser  to  the 
"CS  1025  versus  hydrogen  maser"  data  could  not  be  removed. 
Consequently,  this  curve  can  be  looked  upon  as  an  upper 
limit  for  the  Allan  variance  of  CS  1025.  It  is  important  to 
note  that,  at  this  time,  it  would  be  erroneous  to  consider 
this  curve  as  typical.  It  is  very  good  and  represents  a 
selected  clock.  More  such  clocks  will  have  to  be  evaluated 
in  order  to  determine  the  reproducibility  of  this  curve. 

Inspection  of  Figure  2 shows  the  improvement  of  this 
specially  modified  HPCBT  cesium  standard  over  a rubidium 
standard  (HP  5065A),  especially  in  the  1000s  region.  This 
strongly  indicates  that  these  devices  should  be  of  vaii^  in 
VLBI  experiments  where  rubidium  frequency  standards^  w"re 
applicable  and  possibly  of  use  in  additional-  areas. 
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III.  VLBI  MEASUREMENTS  » 

t ' 

In  March  1976,  observations  were  made »at  22.235  GHz  of 
the  strong  water  vapor  maser  associated  with  W3(OH)*.  The 
interferometer  elements  were  the  85  foot  antenna  at  NRL's 
Maryland  Point  Observatory  located  at  Maryland  Point,  Mary- 
land, and  the  130  foot  antenna  of  Owens  Valley  Radio  Obser- 
vatory at  Big  Pine,  California.  This  baseline  has  a length 
of  3547  kilometers,  corresponding  to  a minimum  fringe  spac- 
ing of  O'.'OOOB.  The  data  were  recorded  using  the  Mark  II 
VLBI  system  of  the  National  Radio  Astronomy  Observatory  at  a 
bandwidth  of  2 MHz.  The  local  oscillator  was  successively 
derived  from  a hydrogen  maser  frequency  standard,  a rubidium 
frequency  standard  (HP  5065A,  Serial  #161) , and  a cesium 
frequency  standard  (HP  5061A(004),  Serial  #871)  for  two  suc- 
cessive periods  of  15  minutes  each  to  generate  the  local 
oscillator  at  Maryland  Point  Observatory.  At  Owens  Valley 
the  local  oscillator  was  always  derived  from  a hydrogen 
maser  frequency  standard. 

The  data  were  reduced  on  the  NRAO  Mark  II  processor  in 
Charlottesville,  Virginia  (Clark  1973) . The  output  from  the 
processor  was  a series  of  96  point  cross-correlation  func- 
tions at  intervals  of  0.2  seconds.  These  were  fourier 


*a  known  water  source  associated  with  an  HII  region. 
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transformed  with  uniform  weighting  on  a general  purpose  com- 
puter to  give  a series  of  cross  power  spectra  having  a spec- 
tral resolution  of  50  kHz  or  0.7  km  s“’.  The  cross  power 
spectra  were  coherently  averaged  for  one  second.  A fringe 
rate  was  removed  from  the  strongest  cross  power  spectral 
feature  in  W3 (OH)  in  order  to  rotate  the  fringe  phase  to 
zero.  The  complex  fringe  phase  and  amplitude,  for  the  one 
second  averages  over  a time  interval  of  sixty  seconds,  were 
fourier  transformed  to  evaluate  the  frequency  stability  of 
the  local  oscillators.  The  phases  are  displayed  in  Figure 
3.  Figures  4-6  show  the  frequency  stability  of  the  hydro- 
gen maser,  rubidium  and  cesium  derived  local  oscillators, 
respectively.  The  frequency  stability  of  the  local 

oscillators  can  be  estimated  as  £ 8.1  x 10  ' ^ for  the  hy- 
drogen maser,  1.6  x 10~'^  for  the  rubidium  standard  and 
9 X 10“'^  for  the  cesium  standard.  This  is  simply  the  fre- 
quency width  of  signal  in  the  frequency  domain  divided  by 
the  observing  frequency  (22235  MHz).  The  integration  time 
is  60  seconds.  These  frequency  stabilities  correspond  to 
the  5061A  cesium  and  5065A  rubidium  standards  displayed  in 
Figure  2.  The  cesium  standard  used  was  a 5061A(004),  and 
the  main  peak  in  the  frequency  display  for  this  oscillator 
is  quite  narrow  but  has  many  harmonics.  The  observing 
procedure  was  again  repeated  in  September  1976,  comparing 
the  frequency  stability  of  the  hydrogen  maser  frequency 
standard  with  another  HP  5061A(004).  The  results  were  the 
same  as  those  reported  for  March  1976. 

An  experiment  using  the  specially  modified  HPCBT  5061A- 
(004)  at  a frequency  of  1.670  GHz  was  attempted  between 
Maryland  Point  Observatory,  the  National  Radio  Astronomy 
Observatory  in  Green  Bank,  West  Virginia,  and  Vermillion 
River  Observatory  in  Danbury,  Illinois.  The  station  at 
Green  Bank,  West  Virginia  failed  due  to  an  unstable  second 
local  oscillator.  The  data  between  Maryland  Point  Observa- 
tory and  V.R.O.  has  not  yet  yielded  successful  fringes. 
However,  during  the  experiment  the  5 MHz  signal  from  the 
hydrogen  maser,  rubidium  standard  (HP  5065A,  Serial  #161) 
and  the  specially  modified  cesium  standard  (5061A(004), 
Serial  #1025)  were  compared  at  Maryland  Point  Observatory. 
This  was  done  by  mixing  the  signals  from  two  of  the  oscil- 
lators and  studying  the  resulting  signal.  The  frequency 
stability  of  the  HP  5065A  (Serial  #161)  and  HP  5061A 
(Serial  #1025)  duplicated  those  displayed  in  Figure  2. 

IV.  CONCLUSIONS 

The  typical  performance  curves  for  the  rubidium  standard 
6065A)  and  the  HPCBT  (5061A(004))  show  close  agreement, 
with  the  rubidium  standard  exceeding  the  HPCBT  in  performance 
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between  1 and  100  seconds.  These  curves  are  so  close 
together  that  a specially  selected  HPCBT  may  exceed  the  typ- 
ical performance  of  the  rubidium  standard,  as  does  the  curve 
for  the  specially  modified  5061A(004).  Similarly,  a spe- 
cially selected  rubidium  standard  may  exceed  this  curve. 
However,  at  integration  times  exceeding  300  seconds,  the 
performance  of  the  rubidium  standard,  as  shown  in  the  typ- 
ical curve,  is  limited  by  flicker  noise.  For  integrations 
exceeding  300  seconds,  therefore,  a specially  selected  HPCBT 
s.hould  prove  to  be  superior  to  the  rubidium  standard.  How- 
ever, from  the  VLBI  observations  discussed  in  this  paper,  at 
22  GHz,  this  does  not  prove  to  be  the  case.  These  observa- 
tions were  made  at  a very  high  radio  frequency  that  necessi- 


tates very  good  performance,  i.e. 


on  a 10  sec- 


Af  ^ n-  1 2 
f 

ond  time  scale  (integration)  to  avoid  loss  of  coherence 
(i.e.,  a phase  rotation  of  90°).  The  frequency  stability  of 
the  two  HPCBT  (5061A(004))  used  in  these  observations  may  be 
typical,  as  is  shown  in  Figure  1.  At  radio  frequencies  that 
are  ten  times  below  this,  i.e.  2.2  GHz  (S  band),  the  fre- 
quency stability  (~)  required  to  prevent  loss  of  coherence 

on  short  time  scale  is  10~^^.  At  integrations  exceeding 
300  seconds  or  more,  the  frequency  stability  of  the  HPCBT 
should  prove  to  be  superior  to  the  rubidium  standard,  as  is 
shown  in  Figure  2.  Therefore,  it  is  our  conclusion  that  at 
low  frequencies,  i.e.  2.5  GHz,  for  integrations  greater 
than  300  seconds,  the  HPCBT  should  yield  superior  perform- 
ance in  VLBI  phase  stability  to  a rubidium  standard.  How- 
ever, neither  the  rubidium  nor  cesium  standards  yield,  with- 
in an  order  of  magnitude,  the  phase  stability  offered  by  a 
hydrogen  maser.  More  tests  of  the  stability  of  the  HP 
5061A(004)  need  to  be  made  under  VLBI  conditions  to  verify 
the  curve  shown  in  Figure  2. 
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CAPTIONS  FOR  FIGURES 


Figure  1 


Figure  2 


Figure  3 


Figure  4- 


Relative  frequency  stability  as  a function 
of  integration  time  required  to  avoid  loss  of 
coherence,  i.e.,  a phase  rotation  of  90°, 
during  a VLBI  experiment. 

Allan  variance  as  a function  of  time  interval 
for  several  different  classes  of  frequency 
standards . 

Phase  of  most  intense  spectral  feature  in 
W3(0H)  versus  time  for  a local  oscillator 
derived  from  a cesium  (HPCBT) , rubidium  and 
hydrogen  maser  frequency  standard. 

6 Fourier  transform  of  the  complex  fringe 
Amplitude  and  phase  displayed  in  Figure  3. 

The  distribution  of  amplitude  versus  frequency 
illustrates  the  frequency  stability  of  the 
local  oscillators  for  a 60-second  period. 
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Arnold  Alpert  and  James  F.  IJarnaba 
Aerospace  Guidance  &■  Metrology  Center 
Newark  Air  Force  Station,  Newark  OH  J.‘R(55 


INTRODIC’IION 


Because  of  increasing  requirements  for  precise  time  and  time  interval  to 
establish  the  times  of  occurrence  of  significant  events,  such,  as  time-tagging 
data,  geodetic  mapping  and  passage  of  satellites  over  earth  locations,  the 
Cnited  States  Air  Force  has  rapidly  moved  to  improve  its  capabilities  for 
providing  world-wide  ()recise  time  synchronization.  In  order  to  accomplish 
this  the  ;\ir  Force  designated  the  Air  Force  Metrology  Standards  Laboratory 
(AF.MSL)  at  Newark,  Ohio,  as  the  single  Air  F'orce  focal  point  for  dissemina- 
tion of  precise  time  and  frequency.  .An  operational  program  was  established 
with  the  I nited  States  Naval  Observatory  (LSNO)  for  periodic  certification  of 
the  Air  Force  time  reference  standard.  This  certification  is  provided  period- 
ically by  L'SNt^  personnel  who  handcarry  a portable  Cesium  clock  from  the 
Naval  Observatory  in  V\ashington  DC  to  Newark  Air  Force  Station,  Newark, 
Ohio.  .At  each  caliliration.  Universal  Time  Coordinated  (UTC)  is  transferred 
with  an  accuracy  of  0.  1 microsecond  traceable  to  the  Deinirtment  of  Defense 
Master  Clock  at  the  L'SNO.  'I’he  frequency  between  the  UNSO  portable  clock 
and  the  AFMSL  standard  clock  is  compared  to  jiarts  in  lo’^ 

Current  calibration  .support  for  many  precise  time  requirements  is  being  pro- 
vided by  two-man  precise  time  synchronization  teams  (PTSTs).  The  PTSTs 
handcarry  [lortable  configured  Cesium  beam  precision  clocks  to  .Air  Force 
activities  on  a periodic  basis.  Precise  time  synchronization  of  Air  Force  tim- 
ing systems  requiring  support  is  performed  by  the  AFMSL  and  selected  pre- 
cision measurement  equipment  laboratory  (PMF.'L)  personnel.  'I'hese  selected 
PMFLs  now  include  Klmemlorf  AFH,  Thule  AFB  and  Vandenberg  .AFB.  These 
sites  have  been  designated  as  Precise  Time  Reference  Stations  and  support 
Air  Force  timing  requirements  in  their  geographical  locations. 


RKtjUlREMKNTS 

Within  the  last  several  years,  a significant  increase  in  precise  time  require- 
ments has  been  identified.  As  an  example,  AGMC  has  provided  precise  time 
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support,  (synchronization,  comi>arisons,  or  audit  evaluations)  for  ai)iJroximatoly 
■)()  sites,  ifeeause  of  the  distances  involved  in  earryin^j  precise  time  to  remote 
sites  and  the  delays  encountered  in  dispatching  teams  expeditiously  to  reestah- 
lish  time  when  failures  occur,  cou|)led  with  the  growing  need  for  new  iirecise 
time  systems  su()port,  it  was  deemed  necessary  to  establish  additional  precise 
tinie  measurement  facilities  within  the  .'\ir  l-’orce  PMKL  complex. 

The  Precise  'lime  and  Frequency  (PT&  F)  console  rlesigned  and  assembled  at 
.\(;MC  was  |)roposed  in  early  1974  to  support  the  (ilOA  very  low  frequency  com- 
munication system.  This  system  is  an  update  of  the  present  emergency  com- 
munic-ation  system  and  incor[)orates  both  airborne  and  grountl  ty|)e  atomic  clocks. 
The  integral  parts  of  tlie  console  were  also  chosen  to  update  existing  time  and 
frequency  capability  in  the  .Air  Force  i)recision  measurement  equipment  labo- 
ratories (P.MKLs).  The  frequency  calibration  standard  available  at  the  PMPJLs 
prior  to  the  inc’ef)tion  of  the  PT&F  console  was  a VLF  Receiver  Model  207-1 
manufactured  by  Fluke  Montronics  Corporation.  The  recei\er  is  a phase 
tracking  device  that  compares  \'LF  signals  from  8.0  to  .'11.9  kHz  plus  Ott  kHz 
to  tin*  local  standard.  The  local  standards  used  to  maintain  accurate  frequen- 
cies were  low  drift  (juartz  crystal  oscillators  such  as  the  Hewlett-Packard 
Model  lo.o  or  electronic  counters  with  time  base  stability  of  5 x 10“'°  per  day 
or  better.  While  these  receivers  were  deployerl  to  the  field  in  the  early  19()((s 
the  time  standards  were  practically  nonexistent  in  the  PMELs.  Occasionally 
a rubidium  or  Cesium  clock  would  be  found  in  the  PMEI.  to  support  the  early 
•Apollo  .Mission  or  satellite  tracking  facilities;  therefore,  the  PT&  F cons(»le 
(P'l  FC)  will  provide  a new  measurement  capability  *o  over  50  Air  Force  Lab- 
oratories. 


lAjlTP.MENT  DETERMINATION 

Once  the  determination  w:is  made  to  develop  a time  and  frequency  capability 
at  varif)us  P.MELs  to  provide  suppfM't  to  activities  in  ceidain  geographical  areas, 
equipment  selection  was  the  next  task.  In  the  interest  of  economv,  redundancy, 
reliability  and  flexibility,  two  Austron  12101)  portable  crystal  clocks  were  se- 
lected instead  of  one  Cesium  clock.  In  this  way  several  benefits  were  realized: 

a.  Initial  cost  was  reduced. 

b.  In  case  of  clock  failure,  another  one  is  available. 

c.  A [)recise  time  or  frequency  synchronization  trip  can  be  accomplished 
by  removing  one  clf)ck  and  the  PT&  F console  maintains  time  and  frequency  with 
the  second  clock. 
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An  Austron  Model  2000C  Loran  C receiver  and  a Beta  Technology  Model  209 
Line- 10  TV  timing  receiver  were  selected  to  keep  the  two  portable  clocks 
calibrated  in  time  and  frequency.  In  order  to  use  either  of  these  items  a IIF 
timing  receiver  was  necessary  for  coarse  alignment  and  pulse  determination. 

A Hewlett-Packard  Motlel  5.328A  time  interval  counter  with  0.  1 microsecond 
resolution  and  a Tracor  Model  888A  phase  recorder  capable  of  comparing  up 
to  5 MHz  signals  were  added  to  compare  time  ticks  and  frequency  phase  dif- 
ferences. .Also  required  was  a chart  recorder  for  the  LORAN-C  timing  re- 
ceiver. .An  oscilloscope  is  used  with  the  LORAN-C  and  the  HF  receiver  but 
was  assumed  to  be  available  in  the  PMEL.  A distribution  amplifier  was  added 
to  buffer  some  of  the  clock  outputs  and  to  provide  more  standard  frequency 
outputs  for  various  uses  in  the  PMEL  or  at  the  base. 

Finally,  for  convenience  and  ease  of  operation,  a patch-pane!  was  designed  so 
that  all  significant  outputs  from  the  equipment  in  the  console  would  be  available 
in  one  area  on  the  front  of  the  console.  A switch  was  also  included  so  that 
several  time  interval  measurements  can  be  made  easily  without  connecting 
cables  each  time.  The  following  time  interval  measurements  can  be  accom- 
plished at  various  positions  of  this  switch.  Clock  No  1 one  PPS  Vs: 

a.  E.xternal  clock  1 PPS 

b.  Clock  No  2 one  PPS 

c.  TV  Line-1(» 

d.  LOIUN-C 

PRCJCniEMENT,  ACCEPT  ANCE,  ASSEMBLY,  AND  CHECKOUT 

After  the  precise  time  and  frequency  console  configuration  had  been  determined, 
the  ne.xt  phase  was  to  acquire  and  assemble  the  required  items.  Specifications 
were  written  for  those  items  not  on  the  GSA  schedule,  and  all  items  were  placed 
on  procurement  including  a rack  cabinet,  equipment  support  brackets,  power 
outlet  strips  and  interconnecting  coaxial  cables.  Contracts  were  accomplished 
and  delivery  dates  were  established.  When  the  equipment  began  arriving,  it 
was  acceptance  tested  and  then  assembled  into  the  appropriate  rack  cabinet 
configuration. 

Each  PTFC  was  then  functionally  tested  for  proper  operation  as  a system.  The 
console  was  put  on  time  and  the  frequency  adjusted  using  the  items  in  the  con- 
sole with  the  various  timekeeping  methods  and  appropriate  frequency  adjustment 
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techniques.  The  results  were  then  verified  usinfj  the  Air  Force  Measurement 
and  Standards  Liiboratory  (AFMSL)  master  time  and  frequency  console. 


1 


TR.\INL\G 

Training  of  .Air  Force  FMEL  technicians  who  would  operate  the  PT&F  console 
was  outlined  in  the  Air  Force  Metrology  Engineering  Support  Plan  written  in 
February  1975.  These  plans  are  required  by  the  Air  Force  .Metrology  Direc- 
torate to  provide  guidance  in  establishing  new  capabilities  at  selected  Air  Force 
laboratories.  The  plan  required  a minimum  of  two  technicians  from  each 
laboratoiy  to  attend  the  Lowry  Training  Center  at  Lowry  AFB,  Denver,  Colorado. 
To  initiate  the  plan,  a two  week  course  was  taught  at  AGMC  in  April  197(J.  The 
attendees  included  two  Lowry  instructors,  a technician  from  the  Air  Force 
Satellite  Control  Facility  at  .Mahe  Island  and  two  procedure  writers  from  .Me- 
trology Di-'ectorate  at  Newark.  The  Lowry  Training  Center  has  now  established 
its  first  course  and  will  begin  class  in  November  197G.  The  Lowry  Course 
will  last  for  two  weeks  and  will  provide  training  for  four  technicians  on  two 
PI  & F consoles,  i his  course  will  l)e  a permanent  part  of  tlic  advanced  preci- 
sion measurement  equipment  school.  The  class  has  also  been  proposed  as  a 
DOD  'r raining  Center  for  all  DOD  agencies  who  are  involved  in  precise  time 
efforts. 


IM  PLEMENTATION 

.As  each  P'l  FC  is  completed  and  checked  out,  a decision  is  made  (or  has  l)een 
made)  as  to  its  deployment,  i'he  console  is  prepared  for  shipment  and  sent  to 
I the  selected  lab.  Upon  receipt  of  the  time  console,  the  lab  installs  the  PTFC 

I in  the  desired  location,  applies  power,  connects  approi)riate  antennae,  anti 

i operationally  checks  all  items  in  the  console.  After  all  checks  have  been  com- 

j pleted  and  all  the  equipment  appears  to  be  operating  correctly,  and  the  crystal 

j clock  oscillators  have  stabilized,  the  console  is  (hen  set  on  time  with  WVVV  or 

^ some  other  IIF  standard  time  station  using  the  calculated  propagation  delay 

I numbers.  The  I^TFC  should  now  be  within  a millisecond  or  so  of  the  correct 

preci.se  time.  Next,  the  console  is  set  using  the  LORAN-C  receiver  and  the 
associated  propagation  delay  number.  Synchronization  by  TV  Line- 10  data  can 
i also  be  accomplished  if  appropriate  signals  are  available. 

I Daily  HF  timing,  LORAN-C  and  TV'  Line-10  data  will  be  sent  to  AGMC  for 

evaluation.  When  confidence  is  established  that  proper  timekeeping  techniques 
are  being  used,  a clock  trip  from  the  FMEL  to  AGMC  will  be  accomplished 
using  one  of  the  crystal  clocks  from  the  PTFC. 
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L'pon  arrival  at  AGMC,  the  PMEL  technician  and  the  AGMC  lab  technician 
will  com|)are  the  precise  time  of  the  PTFC  with  that  of  the  Air  Force  measure- 
ment and  standards  lab  precise  time  console.  If  the  time  difference  is  less 
than  i40  microseconds  the  PT&  F console  initial  time  synchronization  is  con- 
sidered satisfactory,  the  crystal  clock  is  set  on  time,  and  the  l^MEL  technician 
returns  to  his  PTFC  to  refine  his  reference  delay  numbers.  If  the  time  differ- 
ence is  greater  than  ±40  microseconds,  a decision  is  made  whether  or  not  to 
initiate  a precise  time  synchronization  trip  (PTST)  from  AGMC  to  the  particular 
PMEL  to  resolve  the  discrepancy  and  assist  in  the  PTFC  implementation. 

After  the  comparison  between  the  new  PT&  F console  and  the  AP'MSL  has  been 
accomplished,  data  shall  be  submitted  to  AGMC  from  the  PMEL  on  a periodic 
basis  to  assure  proper  timekeeping  methods  are  being  adhered  to. 

In  the  future,  it  is  planned  to  implement  an  audit  program  and  check  each  PTFC 
on  a random  basis  to  make  sure  that  the  PTFCs  at  the  selected  PMELs  are 
within  specification  with  regard  to  precise  timekeeping. 


Figure  2.  Precise  Time  and  Frequency  Signal  Distribution  Panel 
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QIJI  STIONS  AM)  ANSWtKS 


I’iilX'r  5;  "riio  Kolc  ol  tlk'  liitcnuitional  Radio  (A)iisultative  Cominiltcc  - 
Its  ( tiiKfions  ami  Inllucncc"  was  pa'sciitcil  hv 
lluiih  S.  l os(iiu.‘,  NASA  I IcaiUiuarters,  VVasliinjiton.  1).(  . 

QUI  SnON:  I notice  on  youriiralt  that  you  ilidii't  show  the  60  kilohertz  authoriza- 
tion. Is  It  a true,  y'uan.leil  Ireiiueney'.’ 

MR.  J-OSQll- ; riiis  is  an  experimental  frequency.  I believe.  I will  he  glad  to  stand 
corrected  by  anybody  here,  but  I ilon't  believe  that  is  an  allocation.  It  is  an  experimental 
use  ot‘  a particular  frequency. 

QIJISMON;  Could  you  say  a lew  words  about  the  methods  by  which  you  hope  to  get 
down  to  a one  nanosecond  time  reference  distribution? 

MR.  KOSQUE;  \'ith  great  difficult.  I can't  say  too  much  about  it,  except  that  there  is 
olniously  a need,  or  at  least  there  seems  to  be  a need  within  the  next  20  years  for  svnehro- 
nizations  of  that  sort.  .Anil  especially  so  among  users,  but  also  among  the  principal  labora- 
tories involved  in  keeping  time  and  Irequency.  I he  hope  is  that  one  will  be  able  to  go  to  a 
ver\  broad  band  satellite  and  achieve  this. 

Now.  the  details  of  that  technique  are  being  looked  at  at  the  moment,  and  were  the 
concern  ol  a study  group  meeting  that  we  held  yesterday.  1 just  don't  think  they  are  far 
enough  along  for  me  to  provide  you  with  the  kind  of  assurance  that  you  are  looking  for  Irom 
Ihe  nature  ol  your  question.  I don't  know  if  we  will  be  able  to  do  that  or  not,  but  we  will 
tr\ . 


QIJI-.S  I ION:  I’eter  (lorham.  Jl’L.,  with  a comment  on  an  implementation. 

In  ver\  long  baseline  interferometry  right  now  we  solve  for  a term,  which  is  related  to 
clock  s>  iichronizatioii.  and  I qualify  tliat  b\'  saying  related  to.  because  we  have  some  instru- 
mental factors  to  pull  out.  Hut  we  are  getting  consistency  in  our  solutions,  now,  operating 
independent  stations  with  hydrogen  masers.  Hut  the  offset  terms  that  we  get  out  are  good  to 
10  to  the  minus  10  seconds.  I/IO  of  a nanosecond. 

Recently  we  have  incorporated  a phase  and  cable  calibration  system  that  has  been  put 
together  by  (loddard  and  Haystack  Obsersatory;  and  we  expect  to  be  able  to  take  out  the 
instrumental  terms  so  that,  via  the  technique  of  very  long  baseline  interferometry , I think,  it 
IS  going  to  be  a possibility  to  come  up  with  nanosecond  synchronization  at  intercontinental 
distances,  and  one  could  operate  it  in  near  real  time  via  a satellite  communication  implemen- 
tation. if  you  wanted  to  go  that  route. 

MK.  hOSQUh.  1 hank  you. 

I am  somewhat  of  a coward  m speaking  to  this  group  because  we  have  had  some  meet- 
ings, and  there  are  certain  rei|Uirements  that  people  think  are  emerging  that  would  require 
one  to  take  an  even  broader  look  than  we  have  talked  about  here.  In  fact,  there  are  a fair 
number  of  individuals  who  think  we  should  strive  lor  a ,x0  picosecond  capability.  Hut  as  I 
say.  1 am  somewhat  ol  a coward  quoting  those  numbers  to  this  group. 
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I’apcr  7:  “Dolinition,  Rcciuircinent,  ;iiul  the  Dctermiiuition  ol  HI  1 
liy  tlic  U.S.  Niiv;il  Observatory"  was  preseiitetl  by 
Dennis  D,  Me(  arthy,  I'.S.  Naval  Observatory.  Wasliington.  l).(  . 


QUESTION:  Mv  name  is  I).  Antonio  with  the  Navy  Department. 

Are  tliere  any  ef  forts  mulerwav  to  ilo  any  predictive  work  on  the  variation  of  I ' l l with 
I'lC’ 

■As  I understand  it,  U’l  I is  for  most  people  at  the  moment  not  very  preilietable  and  you 
have  to  keep  relatively  current  with  the  work  you  do  to  find  out  what  the  current  correction 
factors  are. 

Are  there  efforts  underway  to  see  if  this  can  be  predicteil  better  than  it  is  now'.’ 

MR.  MC'C.AK  rMY;  There  are  always  ef  forts  being  made  to  predict  time.  However, 
when  we  are  talking  about  accuracy.  V\e  can  probably  predict  U'Tl  minus  L)T('  to  I lO  of  a 
secoiul  with  some  degree  of  accuracy  tor  maybe  a year.  But  that  doesn’t  do  anyone  very 
much  good:  to  a millisecond  accuracy,  it  just  is  an  impossible  thing. 


Taper  8;  “The  Determination  of  U I I by  the  Bill.”  was  presented  by 
Ms.  Marine  Teissel.  Bureau  International  de  Tlleure.  I’aris.  Trance. 

QUESTION;  (ieorge  Milburn,  .Army.  West. 

In  yr)ur  prerlicfion  techniiiue  you  mentioned  that  you  hail  a tectonic  tactor  in  there, 
prediction  lot  smoothing  of  individual  stations.  I am  wondering  if  you  have  a.  more  or  less, 
regular  continental  drift  term  that  goes  into  that  for  any  particular  stations. 

MS.  TTISSI.L:  No.  VVe  have  a variation  of  the  drift  between  Turope  and  Asia.  We 
found  a result  which  is  of  the  same  si/e  as  the  errors  are.  So.  as  the  present  continental  drilt 
is  not  very  well  known,  we  do  not  use  continental  drif  t material  in  our  prediction.  This  lack 
of  knowledge  is  one  of  the  reasons  why  we  take  only  four  years  of  the  past  to  predict. 

QUE-.S'l  ION:  Rueger,  .lohns  Hopkins. 

Did  I understand  you  to  say  you  are  using  Doppler  tracking  of  transfer  satellites  as  part 
of  your  data'’ 

MS  EEISSEL:  V es,  we  received  the  final  results  of  the  DMA  and  we  used  the  \ and  '’t' 
results. 

QUESTION:  Is  there  any  plan  in  the  near  future  about  making  cotnparisons,  using  sat- 
ellites exclusively  for  the  UTl  measurement’ 

MS.  EEISSEL:  Our  methods  are  devised  so  that  they  can  include  any  new  method,  as 
long  as  this  method  gives  regular  results,  and  as  long  as  there  has  been  a longer  period  of  time 
111  the  past  when  systematic  deviations  from  the  present  system  of  UI  I c;m  be  known  and 
predicted. 

QUESTION:  Would  you  be  in  a position  to  say  whether  the  errors  by  the  satellite 
methods  are  lower  or  greater  than  you  .ire  realizing  by  the  st.ir  observations  then  ’ 
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MS.  FEISSJ-X;  l or  the  pole  eoordinates,  the  Doppler  system  has  preeision  whieh  is 
about  the  same  as  the  astroiiomieal  system  and,  of  course,  it  is  inereasiii}!  taster  as  titne  goes 
on. 

glJESI  ION:  To  be  able  to  tall  back  on'.’ 

MS.  F EISSEL:  Yes.  and  there  is  a projeet  to  set  Doppler  net  of  stations  observing  the 
satellites  but  these  stations  will  be  international.  It  will  be,  it  is  expeeted  to  give  its  first  re- 
sults in  1 ‘>78 


Paper  ‘>.  “Preeise  Workiwide  Station  Synehroni/ation  Via  the  NAVSTAK  (iPS. 
Navigation  Teehnology  Satellite  (M'S-1 was  presented  by 
Ihomas  MeCaskill,  Naval  Researeh  Laboratory.  Washington,  D.C. 

QUESTION:  Samuel  Ward,  let  Propulsion  l ab. 

How  long  will  that  reeeiver  remain  in  Australia'’ 

MR  M(  ( ASkll  l.;  I he  site  in  Australia  is  now  eonsniered  a permanent  traekmg  sta- 
tion. part  (d  the  navigation  ,ind  leJuiologv  satellite  traekmg  network.  So.  it  will  remain 
there  loi  an  indelinite  amount  ol  time 


P.iper  T''  "Sp‘. , lal  Purpose  Alnmk  i Mo, -eul.iti  Standard." 

w,is  puNemled  b\  Mr  Dasid  I W.nelaiul 

QMS  MON  I ■:  I ehsh 

lb'.  i‘  ,il  ;|utollon  I w iuled  It  Of  wlief'  o>ui  ^lablllt\  Ii.-ns  u|'  it  Ilie  i'm*!.  is  t.her 
(xoMbilits  Ih.il  iTiiL’bl  d dill  l'>llu  Il.tnge-  presMili  1 liu  I ual  ion»  , wi  r .i  peruHt 

■ I ‘pl  minutes  ’ ir  j > ' 

MR  WIN!;  \ND  N.  e :i  I th.ii  w , ot  I i.  Id  , orn  . tl\  monilot  llu  pressure 

• ' il  I ■ III  |i  .1  liigli  di  eti  ■ lli.it  was  dm  to  our  diilts  toi  example,  m the 

I • . fi  w,  a .lir>  . I I 'iri' l.ilioii  with  ih.il  As  ol  \ el  we  haven't  implemented 

' I’l!  ■ . whiih  wi  tio(H  to  Jo  So  I ,iin  lOfilideiil  we  laii  beat  that  down 

Ql  I SI  ION  Mi  Rueger.  Ii  ilms  I lopkiiis 

Wh  it  till-  si/e  ol  the  i.iviiv  and  what  is  llie  shape  ol  it  ’ 

MR  WIM  I \M)  We  h.iven'l  at  all  llnah/eil  it  yet.  I should  have  pomteil  out  on  the 

last  graph  that  was  lor  ius|  a pieee  ot  K hand  wave  guide,  50  eentimeters  long  I ssentially. 
lermmateil  at  both  ends 

I hat  was  .ilso  at  a lairlv  higher  pressure  than  we  would  want  to  work  at.  In  other 
words,  we  would  like  to  reduee  the  pressure,  reiluee  the  temperature  sensitivity.  So  we  en- 
visage going  to  a eell  ol  m.iybe  about  a liter  volume,  but  the  eonfiguration  yet  is  uiuleeided. 
It  may  either  be  a box.  or  maybe  loops  of  wave  guiile,  sort  of  folded  up  on  itsell.  But  that 
remains  to  be  seen. 
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I’aper  .^1 : “OMl  (iA  S\  luhroni/ation:  ('ura'iit  Operations  aiu.1  1 iitiirc  I’laiis.” 
was  prescnteil  by  Mr.  Howard  J.  Santamorc. 


VOK'I'.;  I notice  yanir  data  there,  ( oukl  tiiese  unniodeled  lorees  he  due  to  atmospheric 
tides’ 

MR  S\N1  AMORE.  1 really  ilon’t  know.  I think  Dr.  Reder  has  considerable  experience 
with  that.  I don’t  know  ot  any  atmospheric  tide  eft'ects  in  OMl  (l/\  propafiation. 

DR.  RLDER:  .Actually.  I am  (juite  filail  because  I notice  smne  ol  the  variations  against 
our  cesium  standards,  and  as  a pood  citi/en,  a pood  neighbor,  let's  say.  I blameil  our  cesium 
standard  lor  it.  Hut  apparently  it  was  not. 

MR  SANTAMORE:  Thank  you 

\()I(T-:  I’erhaps  I could  explain  to  you  why  the  atmosphere,  the  tides  shoulil  alTect 
this,  because  since  the  mode  ol  propagation  is  trom  the  I or  I)  layer,  underside,  and  the  sur- 
tace  ol  the  earth,  the  bulges  cauv'd  by  the  atmosphere  cause  the  radiating  sources,  the  sun, 
would  be  up  clossT  and  the  angle  ol  incidence  will  change,  lor  instance,  at  new  moon  when 
the  stilar  lorees  .ind  lunar  tides  are  lining  up.  it  you  look  at  thoM-  |K-rioils.  lor  inslance.  the 
diurnal  elKit,  \ou  lind  that  the  tump  is  iiukIi  biggei  during  tbost.'  times. 

\iul  111  liming  when  Ihiscitcvl  occurs  I h.oe  m>iKid  lhal  it  >Kcur^  appioximalely  f>-l  2 
hour'-  .liter  niiHiii  passing  o\ei  he.id  or  esen  - the  ellcst  doesiTt  ipiite  line  up  with  the  iiistan- 
i jti,  .i|  the  iiUHin  and  sun  I here  s a ilelas 

MR  x\SI  \MUKl  ll-'W  l.irge  an  citevt  .ire  sou  I. liking  .il'.Mit  ' 

VMM  I Distan.  - trom  ! uji  ( oHms  !-■.  r unix  ira  \usli  di.t  t:i,  Ltle.t  w.is  something 
li>i  J--  m...h  1 1)  iiiK  r< ' .cionds  \nd  III  lOinparing  the  sjine  vrl  o|  jl.ii.i  with  the  I oit 

< dhn-  !•  S.  .It  \lru.i  t*n  tie.  I w.-.-.n^alK  till  s.ime  I'ul  •!  tbi  opposite  phase 

^ MR  S \N  I \MORI  I hank  sou 

J 

1 

' I’apet  M "\  Hriet  Review  ol  I reijueiKv  St.ibihtv  Measures, 

I was  preseiiled  b\  Dr  Knowles 

I DR  vyJNKIIR  't  oil  have  only  a one-w.iy  transler.  not  a two-way  ’ 

DR  KNOHLE.S  A es,  at  the  moment  il  is  only  a one-way  transler.  I his  is  essentially 
because  ol  the  combination  ot  the  economics  ol  how  many  link  transmitters  we  could  at'loril 
and  the  satellite  characteristics. 

* A possible  luture  extension  is  a two-way  tr.insler.  In  order  to  make  that  technically 

worthwhile,  one  would  want  to  have  a lully  coherent  satellite  link  whereby  you  could  trans- 
mit the  phase  ol  your  local  oscillator  Irom  one  station  to  the  other  as  well  as  simply  a time 
reterence  signal. 

Ihis  wouliln't  be  possible  with  ( lb  ’'••!. ause  it  doesn’t  have  coherent  oscillators,  a luture 
satellite  which  was  equippeil  lor  a coherent  slave  inoiie,  that  would  be  worthwhile. 


-.-•I 


718 


l‘apor  -'K  "N  I S-2  Cesium  Meam  I rei|uency  Staiulanl  lor  ( iI’S," 
was  prescnteil  In  I.  VVlnte. 

MK  Rl'KiLK:  Arc  thero  any  iiuostioiis'.’ 

A I Hates. 

MK  H ATI  S;  Hates.  AIM  . 

I am  curious  wliy  all  tliat  isn't  ilone  within  the  loop,  the  relatnistie  s\  nthesi/er. 

MK.  Wlliri  : As  vou  know,  it  eoukl  all  have  been,  hut  the  lime  seiiuenee  of  things 
was  not  such  that  we  eoukl  do  it  that  way.  We  rouiul  out  the  olTset  was  a haril  and  last 
reipiirement. 

1 he  design  ot  the  eesium  was  such  we  eoukl  no  longer  go  hack  and  make  the  changes 
within  the  loop,  and  it  was  too  late  to  do  it. 

MK  HAIIS:  N ou  paid  a terrible  price. 

MK  WHIT!  N es.  we  did.  I here  is  a plug  lor  what  is  criming  up.  We  hope  to  report  in 
Atlantic  C,t\  this  spring  on  the  ne\t  family  of  these  standarils  which  arc  now  under  construc- 
tion for  tne  Air  force  satellites.  1 hey  will  have  all  of  this  built  in. 

Hie  output  is  10.2.^  and  it  will  be  offset  as  it  comes  out  of  the  standard. 

MK.  KULCil'.K:  fhey  have  the  relativistic  synthesi/er  involved. 

MK  WHITf:  It  IS  all  programmed  into  the  synthesi/er  of  the  cesium  standard. 

MK  HATI  S:  Y ou  said  the  resolution  synthesi/er  was  7 parts.  lO'". 

MK.  WHIT'E/  That  is  the  range.  I he  resolution  is  in  l(j’^  fhe  tuning  resolution  on 
the  cesium  is  l-l  2 in  lO'  V We  have  a range  ol  about  plus  or  minu'.i  1 and  lO'' 

MK.  I N(.LI.SM:  lorn  I nglish. 

I wouki  like  to  point  out  with  regard  to  the  rubidium  standards  that  were  used,  they 
were  basically  modified  conversion. 

MK.  Will  1 1 : At  the  tune  we  originally  prepared,  there  was  a great  deal  of  trouble,  but 
you're  (|uite  right,  they  were  commercial  units,  not  ilesigned  for  space  llight.  We  did  modify 
them  to  the  extent  necessary  loi  our  puriKises. 


Paper  VK  “A  New  Kugged  Low  Noise  High  Precision  Oscillator,’' 
was  [iresentetl  by  1).  .A.  l inmons. 

MK.  Kllf.OI  K:  .Are  there  any  ipiestions  to  this  paper  ’ 

I have  one.  you  mentioned  you  have  designed  this  with  hardening  in  mind.  W ould  you 
care  to  say  what  characteristics  you  were  try  im’  to  preserve  with  the  hardening,  transient 
performance  or  survivability  or  continuous  service  or  what  ’ 

MK.  I-.MMONS:  I believe  that  1 would  prefer  not  to  go  into  details,  hut  we  are  using 
swept  (|uart/  and  treating  the  cpiart/  to  attempt  to  get  the  radiation  induced  component  ol 
aging,  if  you  will,  down  to  acceptable  limits. 
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MK  Rl  l-.CiI  R;  I liank  you. 

,\n.‘  tiK’re  any  oiIkt  nuostions’’  liack  iIkto  at  tlio  microphoniv 

MR,  lk\R(.I  R;  ( luick  Marjicr,  lli  wlclt-Packaril. 

1 liavo  sort  ol  a two-lokl  iiuostion.  Numhcr  one.  you  saul  >ou  IkuI  a two  ami  thri.v  part 
10'*'slutt  on  tlic  pyroti-dinic  sliock.  U as  that  a pormamuil  sliitl  or  ilul  the  unit  return  alter 
slioek’ 

Numher  two.  you  maile  a point  of  also  sayiny  that  that  partieular  test  was  done  opeia 
tionally.  Did  you  also  ehanee  do  the  vibration  tests  operationally \nd  it  so,  would  von 
be  willinp  to  say  anything  about  tiie  sideband  perlormance  there  ’ 

MR.  b.MMONS;  I am  alraid  I did  not  look  at  sidebands  during  operational  random  vi- 
bration tests.  VVe  diil  raiulom  vii-'ration  tests  to  lODRMS  and  watched  the  Ireipieney  excur- 
sions ami  transients  and  so  on.  and  wateherl  the  oscillator  operate  during  the  lest,  but  did  not 
have  spectral  anal\/er  e(|iiipment  there 

llic  other  part  ol  your  i|uestion  coulil  be  amplilied  a little  bit  by  saying  that  in  a se- 
quence ol  12  shock  pulses,  we  saw  a linal  Irequency  ottset  ol  about  live  parts  m lU"  So 
that  what  happens  is  that  the  Irequency  jumps  back  and  lorth  Hut  I don't  think  that  that  is 
very  predictable  and  certainly  couldn't  be  predicted  by  me 

Hut  It  was  an  interesting  result  that  those  shock  I'ulses  tended  to  give  an  average  tro- 
queney  shilt  which  was  not  as  large  as  some  ot  the  imliviilual  shifts. 

(.jl'I  SMON:  ^Muit  kind  ol  thermal  insulation  system  did  you  use  in  the  oscillator’ 

MR.  I MMONS  It  is  a dewar  single  proportional  oven. 

QUISTION  (dass’ 

MR  IMMONS;  Yes,  glass. 

MR  Rl.'LCiF-R;  You  remiml  me  ol  another  question.  Mow  did  you  meet  the  shock 
requirement’ 

MR.  F MMONS;  Well,  by  careful  attention  to  iletaiK. 

I’aper  40  “I’erformance  of  a Dual  Heain  High  I’erform.ince 
resium  Hearn  l ube,"  was  presented  by  < iary  Seavey . 

MR.  RlJFXiF- R:  I his  paper  is  now  open  for  questions. 

OIJF-SF  ION;  Would  you  care  to  comment  at  all  on  the  amount  that  that  package 
weighs’ 

MR,  SF-.AVF:Y:  That  the  package  weighs  or  the  tube’ 

OUI-.STION-  No.  the  entire  electronics,  the  50(>l  A 

MR  SF;,AVI  Y:  1 really  don’t  know.  Maybe  Mike  1 ischer  would  have  an  answer  to  that 
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MK  Kl'l-CE-  R;  1 liavo  another  (lueslion.  You  mentioncci  that  you  worked  to  close 
tolerance  on  these  tubes.  Would  \a>u  care  to  say  what  kind  ol  a tolerance  you  were  talking 
about  ’ li'w  mils  or  something  a lot  better* 

MR.  SI..AVI  Y:  We  are  usually  talking  thousands  ol  an  inch  on  this  tube. 

MR.  RIH  GI-.R:  I hank  you. 

Are  there  any  other  i)uestions*  Here  is  one. 

MR  WARD;  Sam  Ward.  11*1 

After  calibrating  one  ol  those  cesiums  with  the  004  option  and  then  turning  it  off  and 
turning  it  on  again,  how  elose  will  it  turn  to  the  calibrated  frequency'.’ 

MR.  SE  .Wl'.Y;  Well,  if  you  go  through  the  correct  procedure,  you  will  be  well  within 
specification  which  usually  means  that  it  also  should  be  tie  gaussed  anytime  the  instrument 
has  had  a power  interruin  ion. 

VOICE::  How  elose  are  the  oven  temperatures  controlled  from  unit  to  unit,  the  temper- 
ature setting  ol  the  oven  controller  ’ 

MR.  SE'-.AVE-.Y;  W ithin  about  plus  or  minus  degrees  Celsius. 

DR.  WINKLE'.R.  How  w’ell  do  you  stabilize  the  oven  temperature  to  evaluate  wherever 
you  set  it  m the  first  place* 

MR.  SE-.AVE-Y:  I don't  think  1 can  very  well  answer  that  (piestion  right  off  the  top  ol 
my  lieail.  It  is  pretty  much  determined  by  the  electronics  in  the  instrument. 

DR  W|NKE,bR:  It  appears  to  us  some  ol  the  pathological  behavior  ol  cloeks  similar  to 
H77.  at  least  in  part  may  have  been  caused  by  oven  temperature  changes. 

Such  a change  of  oven  temperature  will  affect  the  velocity  distribution  in  your  lube. 

.\iul  any  phase  error  will  produce  a frcHiuency  shift.  I hat  is  m conjunction  with  magnetic 
field  variations  and  with  microwave  power  level  which  is  another  very  critical  thing. 

1 hese  are.  by  far.  the  most  important  sources  ftir  systematic  changes  ol  Irequency  as 
we  have  si‘en  them  today.  Therefore.  I really  woiuler  how  well  the  electronics  cvmtrol  is 
keeping  that  oven  temperature  constant. 

MR.  SE:AVf.Y;  1 agree  with  you.  1 am  not  sure  that  I know  evactly  how  well  the  elec- 
tronics is  doing  as  far  as  controlling  the  oven  temperature. 

DR  C l TLE  R:  I can  probably  give  a little  answer  on  this.  Lhuler  ordinary  ambient 
conditions  v>r  laboratory  conditions  it  is  probably  better  than  a few  tenths  of  a degree 
centigrade. 

Flic  source  of  variations  that  were  seen  iluring  this  problem  with  the  oven  were  not 
caused  by  temperature  variation-..  I hey  acted  like  temperature  variations,  but  it  was  really  a 
cesium  vapor  pressurization  caused  either  by  a chemical  contaniinaiion  or  obstructions  within 
the  oven.  It  was  not  a true  temperature  variation. 

MR  RUE  (;E  R:  I hank  you.  Dr.  Culler. 
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MR,(i  \K(;YI:  ( i\ iil;i  < i.irgyi.  Tel  I ine  System. 

Are  tlie  tubes  tliat  taileil  Ilie  test  Tor  004  options  the  tubes  beinp  used  tor  5001  standard 
osedlators  ’ 


MR.  SIWI  Y:  I atn  not  sure  I unilerstand. 

MR  (;  AR(;\'I:  I understaiul  your  fiiiure  of  nierit  was  an  average  ol  24  and  some  tubes 
drm't  meet  tliat  test  apparently.  .Are  those  tubes  the  ones  that  are  being  used  for  standanl 
50()1  oscillators’ 

MR.  SI  .A\’l  Y:  \o.  the  typical  realized  figure  was  24.  ( )ur  specification  is  10. 

DR  KI  RN.  Hob  Kern.  1 .1  .S.,  Inc..  Danvers,  Mass. 

( lar\ . you  mentioneil  two  tubes  came  back  after  four  years  of  service.  Were  these  the 
nuHlificd  ones  with  the  higher  figure  of  merit  or  the  initial  ones’ 

MR  SI  AVI  Y Ih  ese  were  the  higli  j'erformance  tubes  of  tlie  old  oven  design.  1 hey 
were  unmodified. 


Paper  41  “ A|iplication  of  High  Performance  Cesium  Hearn  Tre(|uency 

Standards  to  VT.HI,"  was  presented  by 
W . ,1,  Klepc/.ynski  aiul  K.  J.  Johnston. 

MR.  RL'hfiLR:  I feel  compelled  to  defend  tlie  working  of  these  standariis.  I am  sure 
he  must  have  been  referring  to  the  way  they  opeiate  and  are  moveil  around.  The  ones  we 
had  to  look  at  were  rarely  in  place  very  long  at  a time. 

Mr.  W inkler. 

DRWINKLER;  1 irst,  1 must  sa>  ! am  amazed.  W'e  can  see  a new  phenomenon,  and 
that  is  a strong  dipole  moment  in  a pair  of  speakers.  1 hey  must  have  been  exposed  to  field 
gradients  of  considerable  proportion. 

Seriously,  I think  what  you  have  seen  on  the  cesium  standard  is.  of  course,  what  one 
would  expect  if  you  just  take  in  the  numbers  ot  an  004  standard  and  see  the  random  walk  in 
phase.  That  is  typically  a random  walk  in  phase. 

And  you  cannot  hope  to  improve  things  by  jnitting  a straight  line  through  as  long  as  you 
are  in  it.  You’re  in  a walk  in  phase  and  not  random  noise  limited. 

Now,  on  the  other  hand,  in  regard  to  your  (luestions,  it  is  my  feeling  that  the.se  standards 
unless  you  come  and  put  them  down  for  an  extended  period,  will  have  a degraded  performance. 

Dr.  Cutler  mentioned  before  the  problem  of  temperature  gradients  or  initial  differences. 

It  you  expose  such  a clock  to  a temperature  difference  of  10  degrees  and  along  with  banging 
around  in  a car;  they  simply  do  not  perform  as  well  as  il  they  can  rest  in  a place  for  a couple 
ol  weeks.  One  has  to  consider  it  as  a system  which  is  excited  into  some  kind  of  an  excited 
state.  And  that  it  will  relax  afterwards  at  an  unpredictable  rate.  I think  1 mentioned  in  the 
Observatory  that  we  have  never  been  able  to  take  any  one  of  our  normal  clocks  as  a standard 
into  the  system.  They  seem  to  sufler.  T he  very  same  standards  1025  which  you  have  in  vain 
tried  to  use  for  radio  experiment  performed  exceedingly  well  in  our  experiment. 
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MK  JOHNSTON:  1 I't  me  say  tlicrc.  I guess  I wasn’t  perlectly  clear.  We  duln't  really 
get  \T  HI  proceedings  on  the  1025  that  were  very  successlul.  What  I did  say  was  that  when 
I took  the  1025  down  to  Mary  land  Point,  it  matched  the  specs.  We  diil  check  and  see  that  it 
matcheil  the  specs,  and  have  matched  specs  on  that  experiment.  I nrortunately . we  didn’t 
get  Iringeson  that  experiment. 

The  main  point  was  we  used  three  ol  these  cesiums,  one  very  good,  jirobahly  as  good  as 
ruhidium.  1 he  other  two  weren’t  as  good.  It  makes  one  wonder  when  one  buys  one  oH  the 
shelf  what  you  are  going  to  get. 

DR  VVINKLI  R;  What  is  the  dilference  when  you  go  to  higher  oven  temperature  ’ 

MR.  JOHNSTON;  The  higher  oven  iloes  give  you  about  a scjuare  root  of  two  better 
performanee.  \Ve  beat  the  signal  against  the  maser  signal  at  Maryland  Point  and  looked  at 
them  in  a strip  chart. 

When  you  turn  the  oven  on.  you  see  the  nosing  down  by  a scpiare  root  of  two.  It  is  a 
very  graphical  demonstration.  I eould  have  showed  that  on  a slide,  but  the  actual  calibration 
didn't  come  out.  There  was  a mistake  made  in  the  calibration. 

So  absolutely.  I can’t  tell  you  exactly  what  the  number  was.  Hut  I can  see  clearly  that 
It  was  much  better. 

MR.  RLHTirR:  I believe  Hill  1 indsey  made  a measure  of  that  directly  against  the  hy- 
drogen maser  and  it  was  the  s(|uare  root  ot  two. 

MR.  WARD:  How  much  of  the  phase  drif  t was  due  to  frecjueney  offset  between  the 
two  standards’  .And  it  seems  to  me  when  you  move  one  of  them,  the  short-term  noise  will 
limit  y our  ability  even  to  measure  trec|uency.  it  could  until  it  settles  down. 

MR.  JOHNS rON:  I hat  is  possible.  I he  freciueney  olfset  between  the  different  stand- 
ards, the  hydrogen  maser  and  cesium  and  rubidium,  is  taken  out  of  these  observations  We 
assumed  freciueney  ofisets  between  the  ditferent  oscillators,  and  we  do  take  those  out  as  an 
experiment  freciueney  offset 

What  I am  really  eoncerned  with  Irom  my  observation  is  spectral  purity.  The  freciueney 
could  be  almost  any  where,  but  it  is  the  purity  ol  the  signal  1 am  eoneerned  with  because  that 
mclieates  how  much  noise  I am  going  to  get  on  my  Irmge  phase  and  it  limits  my  integration 
time. 

Hut  I do  think,  from  the  cibservatioiis  that  we  have  made,  that  lor  low  freciueneies,  I 
think  this  cesium  standard  can  be  used.  And  if  1 was  provided  with  eesium  standards  by  the 
Naval  Observatory  and  going  into  the  \T  HI  business,  1 would  not  run  out  and  buy  rubidium 
standards  because  I eould  select  one  ol  the  cesium  standards  they  have. 

And  I think  that  would  prove  perfectly  adeciuate  under  almost  every  application  they 
would  have. 
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